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Abstract 
The recent and steady CO2 increase, mainly due to human activities, causes a shift in 
the chemical equilibrium of the carbonates dissolved in sea-water, which results in a lowering 
of pH level. This phenomenon, known as ocean acidification, interacts with many 
physiological processes, including, calcification due to biological factors. Plenty of 
consequences can affect both the ecosystem and the human society; the latter benefits from 
goods and services produced by the ecosystem itself, such as fishing, shoreline protection, 
landscape, tourist and recreational activities. It seems there isn‟t much awareness of all of this. 
The study of the effect of acidification on coralline algae (Corallinales) is of primary 
importance for the comprehension of the consequences at ecosystem level, since the 
Corallinales represent one of the key groups in the formation of submerged habitats, but also 
because they‟ve proven to be some of the most responsive to acidification. The question that 
was tried to answer  is whether the calcareous algae can be resilient towards acidification and, 
if that is so, which is the threshold value beyond which that ability expires. In this analysis, 
particular attention has been paid to reproductive phases, that represent a de facto sensitive 
point in the life cycle. 
The present work articulates in different chapters: In the first chapter, the effects of 
acidification over the reproduction and development of Phymatolithon lenormandii 
(Areschoug) Adey are discussed. Sampling and experimentation have been conducted at 
Kristineberg, Gullmarsfjord station in Sweden. In reference to the experimentation, the 
increase in pCO2 negatively influences the reproductive efficiency of this species, confirming 
the past results obtained on Lithophyllum incrustans Philippi in the Gulf of Trieste. 
The study of the recovery capacity in the natural environment of young L. incrustans 
and Hydrolithon boreale (Foslie) Chamberlain (1994) is described in the subsequent chapter 
where the species exposed to acidification during insemination and the first phases of 
differentiation are discussed, pursuing in this way the analysis on the consequences of 
acidification over reproduction. The response of the two species, even showing some 
analogies, doesn‟t exactly result the same thus, it can be assumed that resilience could be more 
or less pronounced according to the eco-physiological adaptation of the considered species. 
The study  pursue with the viability of adult thalli of L. incrustans exposed to 
acidification in a microcosm and applying the Alamar Blue protocol employed for the 
coralline algae. The resultant data show a higher response to the test in thalli exposed to 
acidification, especially  for the thalli that underwent medium treatment (target pH 8.00). 
When results, don‟t confirm a bigger vitality in the control thalli, as expected, but show on the 
contrary the opposite phenomenon, it is  hypothesized that the higher values obtained, linked 
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to the intracellular redox activities could indicate a higher activity of the metabolism, due to 
the attempt to face the metabolic disease caused by acidification. 
Summing up, this work seems to confirm that calcareous red algae are organisms 
particularly responsive to acidification, as many other authors confirm. Whereas further 
investigation is needed to permit the knowledge of the answers from a broader number of 
species in  more articulate experimental design, calcareous algae‟s resilience seems to be 
related to eco-physiological adaptations of the various species: some show low sensitivity 
thresholds  with higher recovery abilities, others show higher thresholds, with lower recovery 
abilities.  
The work concludes with the proposal of a didactical program on both acidification and 
calcareous algae, in the belief that the school‟s role could be fundamental in forming citizens 
conscious and caring towards the environment and that the dialogue between formation and 
research could be fecund. With this aim an experimental didactical course has been realized 
employing calcareous red algae to explain the effect of ocean acidification on marine life. The 
program, actually tested in school, has been transformed in the virtual lab eCO2 School Lab, 
available in both English and Italian, and currently available on the University of Trieste‟s 
Department Of Life Sciences‟ site at the address http://dsvs1.units.it/eco2/ . 
  
Riassunto 
Il recente e costante aumento della CO2 dovuto principalmente alle attività antropiche 
provoca un‟alterazione dell‟equilibrio chimico dei carbonati disciolti nell‟acqua marina, che si 
traduce in un abbassamento del pH.  Questo fenomeno, noto come ocean acidification, 
interagisce con numerosi processi fisiologici fra cui, in primis, la calcificazione di origine 
biologica. Numerose potrebbero essere le conseguenze sugli ecosistemi, e quindi anche sulla 
società umana, che usufruisce di beni e servizi prodotti dagli ecosistemi stessi, come la pesca, 
la protezione della linea di costa, il paesaggio e le attività turistico - ricreative. Di tutto questo 
non sembra esserci in realtà grande consapevolezza.  
 Lo studio degli effetti dell‟acidificazione sulle alghe rosse calcaree (Corallinales) è di 
primaria importanza nella comprensione delle conseguenze a livello di ecosistema, in quanto 
le Corallinales rappresentano uno dei gruppi chiave nella formazione di habitat sommersi, ma 
anche perché esse si sono rivelate fra gli organismi più sensibili all‟acidificazione. Il quesito di 
fondo a cui si è cercato quindi di dare una risposta è quale sia la resilienza da parte delle alghe 
calcaree nei confronti dell‟acidificazione e quale possa essere il valore soglia al di là del quale 
tale capacità venga meno. In questa analisi, particolare attenzione è stata rivolta alle fasi 
riproduttive, che potrebbero rappresentare la fase più sensibile  nel ciclo vitale.  
Il presente lavoro si articola in diversi capitoli:   
Nel primo capitolo si discutono gli effetti  dell‟acidificazione sulla riproduzione e 
sviluppo di Phymatolithon lenormandii (Areschoug) Adey. Il campionamento e la 
sperimentazione sono stati condotti presso la stazione di Kristineberg, Gullmarsfjord, in 
Svezia. I risultati dell‟esperimento sembrano suggerire che l‟aumento di pCO2 influisca 
negativamente sull‟efficienza riproduttiva di questa specie, confermando i risultati già ottenuti 
su Lithophyllum incrustans Philippi nel Golfo di Trieste. 
Nel capitolo successivo si affronta lo studio della capacità di recupero in ambiente 
naturale di giovani esemplari di L. incrustans e di Hydrolithon boreale (Foslie) Chamberlain 
(1994) esposti ad acidificazione durante l‟inseminazione e le prime fasi di differenziamento, 
proseguendo in tal modo l‟analisi degli effetti dell‟acidificazione sulla riproduzione. La 
risposta delle due specie, pur evidenziando punti in comune, non è perfettamente analoga, il 
che fa ipotizzare che la resilienza possa essere più o meno marcata a seconda degli adattamenti 
eco-fisiologici della specie considerata.  
Si passa quindi alla valutazione della vitalità di talli adulti di L. incrustans esposti ad 
acidificazione in microcosmo, applicando il protocollo con Alamar Blue per lo studio della 
vitalità delle alghe rosse calcaree. I dati ottenuti evidenziano una risposta al test più elevata nei 
talli esposti ad acidificazione, e soprattutto nei talli esposti al trattamento intermedio (pH 
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target 8.00). Nell‟interpretazione dei risultati, che non confermano una  maggiore vitalità nei 
talli del controllo, come atteso, ma anzi indicherebbero il fenomeno opposto, si ipotizza che i 
maggiori valori ottenuti, legati alle attività di ossidoriduzione intracellulari, potrebbero 
indicare un‟attività metabolica più elevata, dovuta a sua volta al tentativo di fronteggiare il 
danno metabolico provocato dall‟acidificazione. 
In sintesi, questo lavoro sembra confermare che le alghe rosse calcaree siano organismi 
particolarmente sensibili all‟acidificazione, come numerosi altri autori evidenziano. Sebbene 
siano necessari ulteriori approfondimenti, che permettano di conoscere le risposte di un 
numero più elevato di specie, in disegni sperimentali più articolati, la capacità di recupero 
nelle alghe calcaree appare correlata agli adattamenti eco-fisiologici delle varie specie: talune 
dimostrano una soglia di sensibilità bassa, ma maggiori capacità di recupero, altre manifestano 
una soglia più elevata, ma una capacità di recupero inferiore.   
Il lavoro si conclude con la proposta di un percorso didattico sull‟acidificazione e le 
alghe calcaree,  nella convinzione che il ruolo della scuola possa essere fondamentale nel 
formare cittadini consapevoli e attenti nei confronti dell‟ambiente e che il dialogo fra 
formazione e ricerca possa essere fecondo. Con questo scopo è stato realizzato un corso 
sperimentale realizzato con le alghe rosse calcaree sul tema dell‟acidificazione del mare.  Il 
percorso, testato realmente a scuola, è stato trasformato nel laboratorio virtuale eCO2 School 
Lab, disponibile in italiano e inglese, e attualmente disponibile sul sito del Dipartimento di 
Scienze della Vita dell‟Università degli Studi di Trieste all‟indirizzo  http://dsvs1.units.it/eco2/ 
.  
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1. Ocean acidification: background 
The ocean and the atmosphere exchange massive amounts of carbon dioxide (CO2). 
Before the industrial revolution the flux of 70 Gt C yr
-1
 from atmosphere to the ocean and 
reverse was in balance  (IPCC, 2007). Since the Industrial Revolution the burning of fossil 
fuels has changed the equilibrium, and in the future the balance will hardly be equilibrated, at 
least at short time-scale. The atmospheric partial pressure of carbon dioxide could double by 
the end of this century from current levels (387 atm) to 800 atm (Feely et al., 2004), 
reaching, according to models developed by the Intergovernmental Panel on Climate Change 
(Parry et al., 2007) a considerably higher percentage than in all of the Quaternary (Pearson and 
Palmer, 2000), at a rate which is unprecedented. 
The increase in concentration of CO2 in the atmosphere is not only likely contributory 
cause of global warming, but inevitably produces an increase in the concentration of CO2 on 
the surface layer of seawater, dissolving according to physical laws of gas diffusion in a liquid. 
When CO2 dissolves in seawater, it reacts to form carbonic acid (H2CO3), which dissociates to 
form bicarbonate ions (HCO3
-
), carbonate ions (CO3
2-
), and ions (H
+
). In this way the ocean 
absorbs large amounts of CO2 and stores them as dissolved inorganic carbon (DIC), which is 
the sum of the concentrations of these ionic species. Along with the increase in pCO2, the 
dissolved inorganic carbon increases as well, but the individual components do not increase in 
proportion: the balance of the carbonate system moves to higher rates of CO2 and HCO3
-
, 
whereas it reduces the concentration of ions CO3
2-
 resulting in lowering the pH of seawater. 
The time scale at which this change is taking place (150 yr) does not allow the intervention of 
the control mechanisms of the carbon cycle that occur on a geological scale (>100 000 yr) 
(Zeebe and Ridgwell, 2011). This phenomenon, suggested in theory, is confirmed by a series 
of measures on a global scale: the time series in the central North Pacific at the station 
ALOHA of the Hawaii (22.75°N, 158°W) (Dore et al., 2009), the Bermuda Atlantic Time 
Series station (BATS 31.72°N, 64.17°W) (Bates, 2007), the European Time Series in the 
Canary Islands (ESTOC 24.4N°, 15.50°W) (Santana-Casiano et al., 2007; Gonzàles-Dàvila et 
al., 2010) all confirm the trends. At local scale Luchetta et al. (2010) proved a decrease of 
−0.063 pHT units in the Northern Adriatic basin in a time lag of 25 years (1983-2008). Thus 
changes in ocean carbonate chemistry, often called "ocean acidification", are already 
happening, thus are likely to intensify in the future: current models predict that the pH of 
surface waters, which on average now fluctuates around a pH of 8.1, depending on the 
reservoir in question, could drop up to 7.8 in the year 2100 (Parry et al., 2007). 
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The so-called "acidification" of the oceans is likely to have a big impact on life in the 
seas and on biogeochemical processes associated with it. The potential effects of carbon 
dioxide on marine ecosystems are not yet sufficiently known (Gao et al., 1993; Langdon, 
2002; Riebesell et al., 2010). For these reasons, the assessment of the impact of seawater 
acidification on coastal ecosystems has been recognized as a high priority in the last decade 
(SCOR-UNESCO, 2004) and is having major success in scientific circles, where numerous 
international research projects are devoted to it. Never less ocean acidification seems to be less 
known by the public than Global Warming (Turley & Boot, 2011), but there is a worldwide 
web increasing attention since the publication of the Royal Society Report in 2005. It is 
important therefore to share knowledge about ocean acidification with people, and especially 
with schools and the younger generation (Turley & Boot, 2011).  An entire chapter of the 
present work is dedicated therefore to outreach and present a virtual laboratory that introduces 
ocean acidification in school curricula. 
  Studies are currently developed in laboratories (in microcosms or mesocosms, that 
simulates conditions forecasted by the models) and in natural environments, investigating the 
reactions of organisms and ecosystems. Among these, plenty of works are devoted to 
calcifying organisms, as calcification is supposed to be one of the most affected processes. 
Regarding benthic calcifiers (Andersson et al., 2011, Kroeker et al., 2010), the majority of 
marine organisms studied have shown a sensitivity to acidification with a decrease in 
calcification rates (Marubini et al., 2003; Langdon & Atkinson, 2005; Schneider & Erez, 
2006; Gazeau et al., 2007; Antony et al., 2008; Dupont & Thorndyke, 2008; Jokiel et al., 
2008; Dupont et al., 2010 a, b; Hofmann et al, 2011). A few recent studies show no response 
or an increase in calcification in different benthic calcifiers exposed to moderately elevated 
CO2 conditions (Ries et al., 2009; Rodolfo-Metalpa et al. 2010). But little is yet known of the 
impacts on ecosystem (Guinotte & Fabry, 2008). 
Among the calcifiers, the study of the effect of acidification on coralline algae 
(Corallinales) is of primary importance for the comprehension of the consequences at 
ecosystem level, since the Corallinales represent one of the key groups in the formation of 
submerged habitats (Ballesteros et al., 2007), as they‟ve proven to be some of the most 
responsive to acidification (Andersson et al., 2008). 
Coralline algae (Corallinales Rhodophyta,) are calcified red algae living in most 
euphotic zones where a hard bottom or any other types of stable surfaces are present 
(Johansen, 1981). They are abundant and widespread in coastal areas throughout the world, 
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from Polar Regions to the tropics (Johansen, 1981; Steneck, 1986). As primary producers and 
massive bio-builders (Ballesteros et al., 2007), coralline algae induce settlement of numerous 
benthic organisms, representing a key taxon for benthic marine habitats. Corallines provide 
habitat, refuge, and grazing areas for numerous fish and invertebrates and are important and 
common components of tropical coral reefs worldwide, where they helps reduce reef erosion 
(Björk et al. 1995, Littler & Littler 1995). Coralline algae can be considered fundamental for 
carbon and carbonate budget in temperate coastal shallow waters (Martin et al., 2006). 
One of the distinctive features of Coralline algae is the deposition of calcium carbonate 
in the cell wall under the form of high magnesium calcite (Kamenos et al., 2008). The 
formation of calcium carbonate (CaCO3) in cell walls of coralline algae is an extracellular 
chemical process largely controlled by the biological activities of photosynthesis, respiration 
and proton pumping (Borowitzka,1982). Photosynthetic uptake of CO2 shifts the carbonate 
equilibrium towards carbonate and increases pH, thereby increasing the saturation state of 
CaCO3, which in turn enhances calcification (Gao et al., 1993; Semesi et al, 2009). On the 
other hand, respiration and proton pumping act in the opposite direction, hindering the 
calcification process (de Beer & Larkum, 2001). Thus, pH is an important factor influencing 
calcification rates in algae (Smith & Roth,1979; Borowitzka, 1982; Gao et al., 1993; de Beer 
& Larkum, 2001). As high magnesium calcite is more soluble than pure calcite, calcareous red 
algae are predicted to be more sensitive to CO2-induced ocean acidification (Kleypas et al., 
1999; Andersson et al., 2008; Dickson, 2010) than calcifiers using other forms of calcium 
carbonate. Increasing interest has been raised therefore on response of coralline algae to ocean 
acidification. Our Research Unit that is allocated within the Department of Life Science - 
University of Trieste, is working on biological responses to ocean acidification since 2008 
(Cumani et al., 2009), when a laboratory culture system was set up in order to check the 
effects of increased CO2 on Coralline algae. The present work is therefore part of a broader 
project which prosecutes and integrates the Cumani‟s research work (2011). 
 
  
Introduction 
 
5 
 
2. Taxonomical framework 
Coralline red algae, or „corallines‟, are members of the Rhodophyta (red algae) and are 
distinguished from other members of the phylum by the presence of cell walls impregnated 
with calcium carbonate (as calcite) (Harvey et al., 2005).  
The taxonomy and classification of coralline red algae has had a long history. Before the 
time of Linnaeus, coralline red algae (and coral animals) were generally considered to be 
plants. Linnaeus, however, became convinced that coralline red algae were animals, and 
between the mid 1700s and the mid 1800s an ongoing controversy raged over the plant vs. 
animal nature of corallines. The issue was finally settled when the distinctly plant-like 
reproductive structures of coralline red algae were first studied in detail about 1840, when 
Philippi (1837) proposed the two generic names Lithophyllum and Lithothamnion (Irvine & 
Chamberlain,1994).  
As knowledge of corallines and other red algae increased, however, it became apparent 
that the corallines were better treated as a distinct order, the Corallinales, erected by Silva & 
Johanssen (1986).  Until then, these taxa were inscribed in the order Cryptonemiales.  
Corallinales, due to the continuous technical evolution of the methods of study, have been 
subjected to recurring review (Cabioche, 1972; Johansen, 1981; Chamberlain, 1983; 
Woelkerling, 1988; Fragoso & Rodriguez, 2002; Bressan & Babbini, 2003, Harvey et al. 
2003). Recently the order of the Corallinales was suggested to be split and the new order of 
the Sporolithales was raised (Le Gall et al., 2009), but this interpretation is still under 
discussion.   
At first, the Corallinales (figure 1) included only one family, the Corallinaceae, but in 
1993 a second family, the Sporolithaceae, was recognised and in 2003, a third family, the 
Hapalidiaceae, was recognised. This expansion from one family to three is supported by 
molecular studies and morphological data (Harvey et al., 2003). At the present time the 
Corallinaceae is divided into four subfamilies (Corallinoideae, Lithophylloideae, 
Metagoniolithoideae,  and Mastophoroideae),  two of which (the Lithophylloideae and 
Mastophoroideae) include non-geniculate genera. The Hapalidiaceae is divided into three 
subfamilies (the Austrolithoideae, Choreonematoideae,  and Melobesioideae), all of which are 
non-geniculate. The Sporolithaceae (or Sporolithales) is not divided into subfamilies and 
contains only non-geniculate corallines.  
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Taxonomy is a dynamic science, and changes in classification will continue to emerge as 
new data (both morphological and molecular) become available. Indeed, recently Kato & Baba 
(2011) proposed the new subfamily of the Hydrolithoideae. 
 
   
 
Figure 1: The order Corallinales and its families and subfamilies. (from Harvey et al. 2005) 
 
 
The following crustose species have been considered in this study:  
 
Lithophyllum incrustans Philippi,  
in chapter 2,3,4. 
Hydrolithon boreale (Foslie) Chamberlain (1994) 
in chapter 2 
 
 
Phymatolithon lenormandii  Areschoug Adey 
in chapter 1    
 
 
Lithophyllum incrustans Philippi, Corallinaceae, Lithophylloideae (figure 2) 
Vegetative features Thallus habit: encrusting, more or less smooth surface (knobbly on 
old plants); thalli becoming confluent and differently crested. Thickened edge, margin entire. 
Size: up to 10 cm. Variable thickness due to overlapping thalli and age of plants. Color of 
living specimen: pink-violet to lavender. Color of dried specimen: from yellow grey or mauve 
grey. 
Sampled in the North Sea, 
Sweden, Gullmarsfijord,  
Sampled in the Mediterranean 
Sea, Adriatic Sea, Gulf of Trieste 
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Basal filaments: unilayered, well developed (up to 200-300µm thick); rectangular cells 
18-22 (25)µm long x 5-10µm in diameter. Erect filaments: multilayered, loosely aggregated; 
cells (5) 7-12 (15)µm long x (3) 6-8 (10)µm in diameter. Epithallial cells: rectangular to 
flattened. Cell connections: secondary pit-connections. 
Reproductive features: Gametangial conceptacles: spermatangial smaller than 
carpogonial; carpogonial 150-250 (300) µm in diameter. Tetra/bisporangial conceptacles: 
uniporate, more or less immersed, visible only as diffused pin points pores on surface, frequent 
presence of a columella; 210-375µm in diameter x 250µm high. Phenology (Bressan & 
Babbini, 2003): April and from August-September till November. 
Ecological features: occurring in sites with very different environmental conditions: on 
rocks exposed to waves action, as a rodholith, sometimes recorded on pebbles, always 
submerged. Generally situated under “trottoir a vermetidi”, as in Laminaria zone. 
Bathymetric distribution: midlittoral to sublittoral  (Bressan & Babbini, 2003; Irvine & 
Chamberlaine, 1994) 
 
Figure  2: L. incrustans. Encrustant thalli on stones (Photo by F. Cumani) 
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Hydrolithon boreale (Foslie) Chamberlain (1994), Corallinaceae, Hydrolithoideae 
(figure 3) 
Vegetative features: Thallus habit: encrusting or partly non-adherent, flat, more or less 
orbicular or lobed. Entire, thin margin often with annular stripes. Size: diameter up to 5mm, up 
to 0.02mm thick. Colour of living specimen: mauve-pink. Color of dried specimen: white 
ivory. Bistratose thallus. Basal filaments: unilayered, cells: 20µm long x 5-17µm in diameter. 
Epithallial cells: rounded. Cell connections: cell fusions. Other features: spore germination 
disc with 4 central cells, 4 lateral cells and often 4 atrophic lateral cells. Terminal, single 
trichocytes present. 
Reproductive features: gametangial conceptacles: spermatangial 33-9µm in diameter x 
26-44µm high; pronounced “spout”; carpogonial hemispherical, 62-110µm in diameter x 52-
83µm high. Tetra/bisporangial conceptacles: uniporate, hemispherical 65-94µm in diameter x 
52-78µm high. Phenology: --- 
Ecological features: species epiphytic on different algal specimens, also common on 
stones, rocks and shells. Bathymetric distribution: sublittoral. (Bressan & Babbini, 2003, 
Irvine & Chamberlaine, 1994) 
 
 
Figure 3: H. boreale, spore germination disc with 4 central cells, 4 lateral cells 
(Photo by F. Bradassi) 
  
  
100 micrometers 
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Phymatolithon lenormandii  (Areschoug) Adey, Hapalidiaceae, Melobesioideae  
Vegetative features: Thallus habit: encrusting, adherent; thalli often confluent and/or 
overlapping with irregular outline. Margin finely striped; edge irregular, white with little 
lobes. Size: maximum diameter 8 cm (per single thallus), thickness 0.05-0.2mm. Color of 
living specimen: dull violet, (rarely blue) white rimmed (also brown, mauve-grey, pink or red). 
Color of dried specimen: from violet to grey. Multistratose, multilayered thallus. Medulla: 
rectangular cells, in 7-8 horizontal rows, compact, regularly overlapping: l0-22 (30)µm long x 
3-6 (8)µm in diameter. Cortex: ovoid-rectangular cells in compact rows: 4-6 (10)µm long x 3-
6 (9)µm in diameter. Epithallial cells: domed. Cell connections: cell fusions. 
Reproductive features: Gametangial conceptacles: spermatangial conical or more or 
less flattened, outer diameter up to 400µm, inner diameter 136-210µm x 65-78 (122)µm high; 
carpogonial like spermatangial ones. Tetra/bisporangial conceptacles: multiporate (from 6 to 
60 pores), hemispherical, not much prominent, numerous, grouped often becoming confluent; 
outer diameter 250-400µm; more or less elliptical chambers, inner diameter 130-221µm x 70-
130µm high. After senescence, conceptacles lose roofs leaving large craters. Phenology: all 
year. 
Ecological features: Habitat: epilithic, sciaphilous species. Bathymetric distribution: 
littoral to sublittoral up to 55m deep. Pioneer species, can tolerate low salinity. In poorly 
illuminated environments and enough damping. (Bressan & Babbini, 2003, Irvine & 
Chamberlain, 1994) 
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Figure  4: P.lenormandii. Encrustant thalli on Mytilus edulis 
(Photo by G. Bressan & F. Bradassi) 
 
 
 
Figure  5: P.lenormandii. Multiporate conceptacles (Photo by F. Bradassi) 
 
  
0.5 cm 
200  micrometers 
Introduction 
 
11 
 
3.  How to manipulate the carbonate chemistry. 
 Perturbation experiments are one of the key approaches used to investigate the 
biological response to elevated pCO2 (Gattuso et al., 2010). Such experiments are based on 
measurements of physiological or metabolic processes in organisms exposed to seawater with 
normal and altered carbonate chemistry. Seawater chemistry can be manipulated in various 
ways that alter the carbonate system differently, i.e. (i) changing DIC (Dissolved Inorganic 
Carbon) at constant AT;  (ii) adding strong acid and bases, (iii) adding CO3
2-
 and/or HCO3
-
, 
(iv) manipulating the Ca
2+
 concentration, which alters the saturation state of seawater  in 
respect to calcite and aragonite.  
 All the experiments proposed in this work are based on perturbation of the carbonate 
chemistry obtained with changing DIC and,  specifically, with direct bubbling of gaseous CO2 
into seawater, with pH-stat technique: pH is continuously monitored and a controller opens or 
closes the valves that deliver CO2 when pH goes above or below a set value. The pH threshold 
is calculated using the desired pCO2 and total alkalinity is assumed to be constant. With this 
method the carbonate chemistry can be maintained with good efficiency. However, the air-
water gas exchange and CO2 hydration is relatively slow and the system may reach 
equilibrium slowly. This might be problematic especially when the system is an open one, 
with constant flow of water. On the other hand, when  the system is closed, and calcification is 
high, maintaining the AT constant  might be difficult and the plant has to be carefully 
dimensioned on the ongoing biological activity.  
The plant used in Trieste was a closed system (figure 6). Three aquariums of 15 liters 
each were used and the pH(NBS) was set on 8.00 for the intermediate treatment, and on 7.80 for 
the high pCO2 treatment, one aquarium was filled with sea-water without carbonate chemistry 
manipulation and represented contemporary conditions (control). This two values mimic 
conditions forecasted  for 2050 and 2100 in the IPCC “business as usual” Scenario (IPCC, 
2007).  
The plant used in Kristineberg Marine Station was an open system (figure 7), with sea-
water flowing from the fijord.  Twelve 2-liters aquariums were used at four set pH-values: 3 
controls, and 3 times 3 aquariums with a pH respectively reduced of 0.1, 0.2 and 0.4.  
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Figure 6: Plant for insemination and cultivation of CCA under three acidification scenarios. 
(Photo by F. Cumani and F. Bradassi) 
 
Figure 7: Plant for insemination and cultivation of CCA realized at Kristineberg Marine 
Station. (Photo by F. Bradassi). 
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Concluding his work, which is partly focussed on reproductive phases of Lithophyllum 
incrustans, Cumani (2011) reported that ocean acidification is likely to adversely affect the 
production, the survival and development of spores in the species considered; the reproduction 
of the Corallines might be therefore significantly affected by the near future lowering of the 
pH.    
The present work therefore develops further analysis concerning the Corallinales 
biological responses, in this way prosecuting the work of Cumani and paying particular 
attention to reproductive phases, which represent a de facto sensitive point in their life cycle; 
the work is thus specifically aimed:  
 
 to better understand the effect of ocean acidification on reproduction on a 
broader number of species  
 
 to analyze the recovery capacity of juveniles exposed to ocean acidification  
 
 to study the viability of adults exposed to middle and high pCO2 scenarios   
 
When gathering all results, the general question to which there has been tried to give an 
answer, is whether there could be resilience from calcareous algae towards acidification and, if 
so, which could be the threshold value beyond which that ability expires.  
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Abstract: 
Coralline algae (Corallinales, Rhodophyta) are predicted to be negatively impacted by 
near-future ocean acidification. The effect of low pH / high pCO2 on early life stages of 
Phymatolithon lenormandii (Areschoug) Adey was studied in a perturbation experiment. 
Several parameters including mortality, fecundity (spore production and germination), 
calcification (calcein staining) and development (growth and morphological 
abnormalities) have been followed for a month under control and three acidification 
scenarios: control pH (8.1), -0.1, -0.2 and -0.4 pH units. Our results demonstrate that 
survival and growth of P. lenormandii are impacted by small pH changes (∆=-0.1 pH 
unit). A negative impact of decreasing pH was observed on all tested parameters. 
Calcification was observed at the lowest pH (∆=-0.4 pH unit) but the maintenance of the 
skeleton under low pH was only possible through a dynamic dissolution/calcification 
process, an energetically costly mechanism potentially draining resources from other 
vital processes.  
 
Keywords: Coralline algae; ocean acidification; reproduction; morphological 
abnormality; microcosm; perturbation experiment; calcification; calcein staining; 
confocal microscopy. 
 
 
Figure 1: Sven Lovén Centre for  Marine Sciences, Kristineberg, Gullmarsfjord, Sweden.  
(Photo by F.Bradassi) 
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1.1 Introduction  
Coralline algae (Corallinales, Rhodophyta) are calcified red algae distributed 
worldwide and abundant in a number of diverse marine habitats. Coralline algae can be 
considered fundamental for carbon and carbonate budget in temperate coastal shallow waters 
(Martin et al., 2006), as they massively deposit calcium carbonate in the cell wall under the 
form of high magnesium calcite (Kamenos et al., 2008). While the formation of calcium 
carbonate (CaCO3) in cell walls of coralline algae is an extracellular chemical process, it is 
largely controlled by the biological activities of photosynthesis, respiration and proton 
pumping (Borowitzka,1982). pH is an important factor influencing calcification rates in algae 
(Smith and Roth,1979; Borowitzka, 1982; Gao et al., 1993; de Beer & Larkum, 2001). As high 
magnesium calcite is more soluble than pure calcite or aragonite, calcareous red algae are 
predicted to be more sensitive to CO2-induced ocean acidification (Kleypas et al., 1999; 
Andersson et al., 2008; Dickson, 2010) than calcifiers using other forms of calcium carbonate. 
Growth rate and calcification of coralline algae have been shown to decrease in micro 
and mesocosm experiments when exposed to elevated pCO2 expected by the end of this 
century (Gao et al., 1993; Langdon et al., 2003; Doney et al., 2007; Martin & Gattuso, 2009; 
Gao & Zeng, 2010; Büdenbender et al., 2011; Cumani, 2011; Hofmann et al., 2011). Long 
term experiments showed a decrease in growth and recruitment of crustose coralline algae 
(Kuffner et al., 2008), similar conclusion were drawn from field observations (Hall-Spencer et 
al., 2008, Porzio et al., 2011). Most studies focused on adult life stages in which hard-calcified 
parts are already established and with calcification/dissolution working on existing structures. 
The spores of the Corallinales are not calcified. They adhere to the substrate via 
mucopolysaccharides that are arranged around the initial cell. This phenomenon is followed by 
the development of ipothallial filaments (Steneck, 1986). New tissue calcification occurs after 
cell division and germination is secured by hypobasal calcification, which cements the spores 
to the substrata (Walker & Moss, 1984). As a consequence, reduced calcification could have 
more severe consequences for survival on the juveniles than on the adults. Cumani (2011) and 
Cumani et al. (2012) analyzed the effect of ocean acidification on juveniles of Lithophyllum 
incrustans Philippi (Corallinaceae, Lithophylloideae). The study was carried out in the 
Adriatic Sea, Gulf of Trieste. 
The objective of the present study was therefore to investigate the effect of near 
future ocean acidification on development and calcification mechanism in the 
reproductive stages of the common crustose coralline alga Phymatolithon lenormandii 
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(Areschoug) Adey (Melobesioideae, Corallinales). The experiments, carried out in the North 
Sea at the Marine Station of Kristineberg (figure 1), were designed in order to evaluate 
whether there is a linear biological response to decreased pH or a physiological tipping point.  
 
1.2  Materials and Methods: 
1.2.1 Algae sampling and experimental conditions 
Specimens of the encrusting coralline alga P. lenormandii were collected in May 2011 
in the Gullmarsfjord (North Sea, Sweden, latitude 58.2° N, longitude 11.3° E) in the vicinity 
of the Sven Lovén Centre for Marine Sciences - Kristineberg. The algae were growing on blue 
mussel (Mytilus edulis) shells in shallow water (<1.5m depth) close to the shoreline. Algae 
were transferred to the Sven Lovén Centre for Marine Sciences - Kristineberg and cleaned 
gently with a paintbrush. Species identification was based on Suneson (1943) and Irvine & 
Chamberlain (1994) and confirmed by SEM microscopy analysis. (Figure 2A and 2B). 
 
 
 
 
Figure 2A: SEM, longitudinal section of growing margin, thallus monomerous  
(Photo by F. Bradassi & G. Bressan) 
A 
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Figure 2B: SEM, multiporate tetrasporangial conceptacle. 
(Photo by F.Bradassi & G.Bressan) 
 
The experiment was set up in a thermoconstant room at 18-20ºC. Twelve 2.5L 
aquariums with running natural filtered surface seawater (approx. 40 ml min-1) with a salinity 
of 21.1±0.1psu were used. Controls (3 replicates) and treatment (3 replicates x 3treatments) 
were randomly distributed in four rows and three lines. Illumination was equally distributed on 
all aquariums using three lamps (Osram L36W/965 Biolux 2300 Im, Osram L36W/77 Fluora 
1400 Im, Osram L36W/76 Natura de Luxe 1800 Im) (L:D = 17:7); irradiance 12-14 µmol m-2 
s-1 (Cumani et al., 2008). Four different pH conditions were compared: control (pH=8.1) and 
3 different scenarios of acidification ( pH=-0.1, -0.2 and -0.4). pH was maintained in each 
aquarium using a computerized feedback system (AquaMedic) that regulates pH (NBS scale) 
by addition of pure gaseous CO2 directly into the seawater (±0.02 pH units). The pH values of 
the pH-computer were adjusted from measurements of pH on the total scale (pHT). pHT (and 
temperature) was measured in each experimental aquarium twice a day following best 
practiced for ocean acidification research (Riebesell et al. 2010) and using a pH meter 
(Metrohm, 826 pH mobile) with a glass electrode (Metrohm, electrode plus) calibrated on the 
total scale using Tris/HCl and 2-aminopyridine/HCl buffer solutions with a salinity of 32 and 
prepared according to Dickson et al. (2007). Total alkalinity (AT) was measured twice a week 
following Sarazin et al. (1999). The carbonate system speciation (pCO2, ΩCalcium and 
ΩAraragonite) was calculated from pHT and AT using CO2SYS (Lewis &  Wallace, 1998) 
B 
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with dissociation constants from Mehrbach et al. (1973) refitted by Dickson and Millero 
(1987). 
Five marked glass microscopy slides (76x26 mm) pre-treated with a solution of 1/3 
HCl 37%, 2/3 alcohol 95% to enhance roughness, rinsed and conditioned in seawater were 
placed in each aquarium. Adult thalli of P. lenormandii were laid on the slides. Spore 
maturation and release were induced by a temperature acclimation to 20ºC for a week 
(mimicking summer temperature (Suneson 1943), followed by an abrupt temperature decrease 
to 18ºC (Cumani et al., 2008). 
 
1.2.2 Studied parameters 
Every week each slide was examined under an optic microscope. Number of spores 
and germinated thalli were counted and the %thalli is calculated as: 
%thalli = number of thalli / (number of thalli + number of spores) 
For each slide, the dynamic of germination was characterized by the inflection point of 
a Gompertz equation of an asymmetrical growth curve estimated by least-square method from 
%thalli and time (Figure 3; Krönström et al. 2007) and fitted to the proportion of germinated 
thalli per slide over time.  
 
Figure 3: Dynamics of germination in P. lenormandii in pH 8.17 and 7.71. A Gomperz growth model 
was used to model the relationship between time (d) and proportion of thalli (%thalli) and the inflexion 
point (d) used as a proxy for germination dynamics. 
 
A daily mortality rate (DMR) was calculated for each slide as: 
DMR = number of thalli (4w) / [number of thalli (2w) x 14] 
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Five thalli were marked at week 2 on each slide by a diamond pencil. These individual 
thalli were photographed at week 2 and 4. Each thallus was scored for morphological 
abnormality using an abnormality index ranging from 0 (normal shape, color and 
segmentation) to 1 (whole surface not properly developed, Figure 4).  
 
 
Figure 4: Example of thalli with abnormality index (AI). A, pHT=8.17, 2w, AI=0; B, pHT=8.17, 
4w,AI=0; B, pHT=7.71, 2w, AI=0.5; D, pHT=7.71, 4w, AI=1. All figures have the same scale. 
 
The thallus surface area was measured using the software Image J. The relative growth 
rate (RGR) was calculated as: 
 
RGR = [thallus surface (4w) – thallus surface (2w)] / [thallus surface (2w) x 14] 
 
On day 21, qualitative impact on calcification was assessed on selected slides cultured 
in 25 g/mL calcein in seawater at the culture pH for 24h (Dupont et al. 2010; Cumani, 2011). 
The calcein is a fluorescent label with excitation and emission wavelengths respectively of 495 
and 515 nm that binds to free ion Ca
++
, and is thus incorporated in new calcified structures. 
50 micrometers 
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Live specimens were mounted in seawater and examined using a Leica confocal microscope, 
and were analyzed by collecting stacks of images and then projecting them in the Y-axis. 
Pictures were taken immediately after staining and after 24h in calcein-free seawater at the 
culture pH. 
 
1.2.3 Statistical analyses 
Analysis of variance (ANOVA) and simple regression model were used to test the 
relationship type between the measured parameters. The Shapiro-Wilk (1965) test was used to 
confirm that the data were normally distributed and the Levene test was used to confirm that 
variances were homogenous. All data were analyzed using SAS/STAT software. 
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1.3 Results. 
1.3.1 Carbonate chemistry 
Carbonate chemistry in the 12 experimental aquariums are summarized in the Table 1. 
pHTS and pCO2 were successfully maintained at the target values for the whole duration of the 
experiment. Seawater was under-saturated regarding to calcite in the lowest pH ( ca<1 when 
pHT≤-0.4) and to aragonite ( ar<1) when pHT was lower than -0.1. Measured pHT were 
used in all subsequent analyses.  
 
 
      forms of inorganic carbon Calcium solubility 
Target pHTS pCO2 CO2 HCO3
- CO3-- Ca Ar 
    (uatm) (umol/kg-SW) (umol/kg-SW) (umol/kg-SW)    
Control 8.17 ±0.07 443.27±81.43 24.86±4.71 2119.78±33.89 89.13±13.88 2.26±0.34 1.36±0.21 
 8.17 ±0.07 438.70 ±83.40 24.60±4.84 2117.65±34.96 90.03±14.33 2.28±0.35 1.38±0.22 
 8.17 ±0.07 437.79 ±81.78 24.56±4.77 2117.36±35.52 90.13±14.42 2.28±0.35 1.38±0.22 
=-0.1 8.07 ± 0.07 427.17 ±71.50 23.94±4.07 2113.98±31.87 91.63±13.15 2.33±0.33 1.40±0.20 
 8.04 ±0.08 605.07 ±113.95 33.89±6.30 2167.98±29.47 68.69±12.42 1.74±0.31 1.05±0.19 
 8.06 ±0.08 586.91 ±117.32 32.86±6.43 2164.52±22.73 70.19±9.83 1.78±0.25 1.07±0.15 
 =-0.2 7.97 ±0.10 735.48 ±156.34 41.17±8.67 2192.37±26.87 58.36±11.63 1.48±0.30 0.89±0.18 
 7.83 ±0.12 1034.52 ±254.98 57.93±14.13 2226.70±28.14 43.76±11.99 1.11±0.31 0.67±0.18 
 7.91 ±0.13 864.30 ±253.89 48.39±14.14 2206.13±35.96 52.51±15.39 1.33±0.39 0.80±0.24 
 =-0.4 7.7 ±0.11 1470.12 ±147.02 82.22±7.74 2249.78±96.52 34.04±24.87 0.87±0.59 0.52±0.38 
 7.71 ±0.14 1415.24 ±445.60 79.26±25.00 2250.44±25.34 33.71±10.90 0.86±0.28 0.52±0.17 
 7.68 ±0.16 1538.62 ±640.33 86.34±36.72 2253.49±29.18 32.37±12.32 0.82±0.31 0.50±0.19 
Table 1: Seawater chemistry in the aquariums (mean ± SEM). 
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1.3.2 Dynamics of germination 
Dynamics of germination was estimated as the inflexion point of the Gomperz model 
fitted to the proportion of germinated thalli per slide over time. This inflexion point (d) was 
significantly correlated to pHT following a linear relationship (Figure 5, F1,58=24.49, p<0.0001, 
R
2
=0.3). As a consequence, the average germination time is 25% slower in the lowest pH 
( pHT= -0.4) compared to the control. 
 
 
 
 
 
Figure 5:  Significant linear relationship between pHT and the inflection point (d) of the Gomperz 
growth model used to model the relationship between time (d) and proportion of thalli (%thalli). 
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1.3.3. Mortality rate 
 A significant linear relationship observed between pHT and the daily mortality rate 
calculated between 2 and 4 weeks (Figure 6, F1,58=7.77, p<0.0072, R
2
=0.12). The average 
daily mortality rate was 1.6% in control condition and 3% in the lowest pH ( pHT=-0.4) 
corresponding to a 90% increase in mortality. 
 
 
 
 
Figure 6: Significant linear relationship between pHT and the daily mortality rate. 
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1.3.4 Morphological abnormality 
The abnormality index was calculated per slide after 2 and 4 weeks. Significant linear 
relationships between the abnormality index and pHT were observed at both observation times 
(Figure 7, 2w: F1,57=18.92, p<0.0001, R
2
=0.25; 4w: F1,57=17.64, p<0.0001, R
2
=0.24) but a 
significantly higher regression coefficient (ANCOVA, F1=6.27, p<0.0137) was observed at 
week 4. As a consequence, an increased proportion of abnormal thalli were observed under 
low pH conditions and this proportion increases with time. For example, at the lowest pH 
( pHT=-0.4) abnormalities were 9 times higher compared to the control, and 1.8 times greater 
after 4 weeks compared to 2 weeks.  
 
 
 
Figure 7: Significant linear relationship between pHT and the morphological abnormality index  
after 2 and 4w. 
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1.3.5 Growth rate 
The impact of pHT on the relative growth rate between weeks 2 and 4 was compared 
for normal thalli (Abnormality index=0), slightly abnormal thalli (Abnormality index≤0.25) 
and abnormal thalli (Abnormality index>0.25). Growth rate was significantly slower in 
abnormal thalli (Figure 8, ANOVA F2,242, p<0.0001) but no significant relationship with pHT 
was observed within each abnormality category (AI=0, F1,179, p=0.41; AI≤0.25, F1,43, p<0.16; 
AI>0.25, F1,17, p<0.072). As a consequence, morphological abnormality is associated with a 
decreased growth but pHT has no direct effect on growth rate. 
 
 
 
Figure 8: Relative growth rates for normal thalli (Abnormality index=0), slightly abnormal thalli 
(Abnormality index≤0.25) and abnormal thalli (Abnormality index>0.25). 
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1.3.6 Calcification 
Calcein is labeling newly built skeleton. After 24h in calcein seawater, thallus raised in 
control seawater showed labeled skeleton only on the growing margin (Figure 9A) while thalli 
raised in low pH seawater ( pHT from -0.1 to -0.4) showed labeling over the whole thallus 
(Figure 9B). This observation suggests that under control condition, the skeleton is stable 
while under low pH, skeletal structures are maintained by a constant dissolution/calcification 
process. This is confirmed by the observation that when the labeled thalli are transferred into 
calcein-free water for 24h, the fluorescent signal remained in for thalli raised in control 
condition (little dissolution; Figure 9C) but disappear from thalli raised in low pH (high 
dissolution; Figure 9D).  
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Figure 9: Confocal image of calcein-labeled skeleton (green) of P. lenormandii thalli grown 
in control (A,C) and low pH (B,D; pHTS=-0.2), after the 24h calcein labeling (A,B) or the 
same labeled thalli transferred for 24h in calcein-free seawater (C,D). 
  
    50 
micrometers 
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1.4 Discussion:  
 Our results demonstrate that P. lenormandii is highly sensitive to small pH changes. 
Optimal germination dynamics, thalli survival and normal development were observed in 
control conditions and pH changes as small as a pHT=-0.1 unit (seawater still saturated 
regarding to calcite and aragonite) are enough to induce delay in germination time, increased 
mortality and number of abnormal thalli. The only tested parameter that is not directly 
impacted by pH (within the tested range) is thalli growth. However, an indirect effect is 
observed: low pH is inducing an increase in morphological abnormalities and abnormal thalli 
are growing slower than normal ones. No clear physiological tipping point was identified 
within the tested pH range and rather a linear relationship was observed between decreased pH 
and decreased performance. 
 Coralline algae are heavily calcified. The calcification process is guided by 
polysaccharidic microfibrils (Borowitzka, 1977; Bressan & Ghirardelli, 1993; Bilan & Usov, 
2001) and deposition begins after cell-differentiation in the primary cell wall, tangentially to 
the middle lamella. A second layer is deposited perpendicularly afterwards. The cellular 
physiological activities (trade-off between respiration and photosynthesis) are playing a key 
role in calcification control (Giraud & Cabioch, 1979) with significant energy cost.  
Our results show that two different strategies are used to build and maintain the 
skeleton in control and low pH environments.  In control, calcification occurs in the growing 
margin of the thallus while in low pH, growth and maintenance of the skeleton is possible 
through a constant dissolution/re-calcification process. Calcification rate in the Corallinales 
has been shown to be strictly dependent from seawater pH (Gao et al., 1993; Martin et al., 
2006; Semesi et al., 2009) and is indirectly stimulated by photosynthesis, as photosynthesis 
increases pH, while respiration reduces it. On the other hand photosynthesis in coralline algae 
does not appear to be significantly enhanced by increased CO2 (Semesi et a.l, 2009, Gao & 
Zeng, 2010; Hofmann et al., 2011) probably because photosynthesis is not carbon-limited due 
to presence of CCM (Carbon Concentrating Mechanisms). In Corallina officinalis (L.) it has 
been showed that CA (Carbonic Anhydrase) content was increased when pH decreased 
(Hofmann et al., 2011) and it has been suggested that higher CA activity could have been an 
attempt by the algae to compensate for decreased calcification/increased dissolution under 
high CO2 concentrations. It is known that calcification occurring during daylight (or in 
summer at high latitudes) and reduced deposition or partial dissolution occurring during the 
dark (or in winter) is a common pattern in coralline algae. (Semesi et al., 2009; Büdenbender 
et al., 2011). When calcification is overwhelmed by increased dissolution, the balance 
Chapter 1 
 
35 
 
between the two processes might be compromised. Büdenbender (2011) recently demonstrated 
that in the Polar species Lithothamnion glaciale Kjellman (Melobesioideae, Corallinales) the 
effect of near future acidification on calcification was much more extreme in winter conditions 
than in summer: calcification rate was negative (net dissolution) in all the treatments (range 
from 754±80 to 1573±187 ppm CO2) in winter, while in summer only the most extreme 
(1573±89 ppm CO2) treatment caused net dissolution. Our experiment was carried out for four 
weeks at the beginning of the warm season, when the species is supposed to be on 
reproduction in the area (Suneson, 1943) and our results may under-estimate the impact in 
winter. Prolonged dark hours and reduced photosynthesis in winter might boost ocean 
acidification effects and interact with the fertility of the progenitors. This illustrates the 
importance to understand the role of pCO2 on the balance between respiration, photosynthesis 
and energy budget. 
Recent works demonstrate the importance of energy balance as a key factor explaining 
and modulating species response to low pH in animals (e.g. Thomsen et al., 2010). For 
example, the decreased growth rate observed in sea urchin larvae is a consequence of a shift in 
their energy budget, more energy being invested in maintaining homeostasis and less energy 
being available for growth (Stumpp et al., 2011). It is very likely that the increased 
calcification/skeleton dissolution observed at low pH and allowing maintaining growth 
performance in P. lenormandii is associated with significant increased energy costs, with 
enhanced respiration, partially mitigated by photosynthesis. These could then have negative 
impacts on other processes with potential negative consequences on survival and development, 
especially over some phases of the life cycle, like reproduction, or in winter when solar 
radiation is reduced. Solid physiological evidences will be needed to confirm this hypothesis. 
If tempting, extrapolating the impact of near-future environment on coralline algae 
from our first results is dangerous. Our experiment was only considering one stressor (pCO2), 
one period of the year, did not take into account natural variability or acclimation, etc. For 
example, in the Gullmarsfjord, coralline algae are experiencing extreme environment. Cold 
temperature and long period of darkness force them to a long quiescence during winter. The 
predictive significance would be enhanced if such experiment could be repeated after exposure 
to high CO2 in winter conditions. However, our results confirm that small changes in pH can 
have negative impacts on coralline algae with potential similar effects on their distribution and 
recruitment, which provides habitat for diverse benthic communities.  
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Our results confirm results of experiments on juveniles of L. incrustans Philippi carried 
out in the Mediterranean Sea (Cumani, 2011). Even though we take in consideration the 
differences in the design of the two experiments, the differences between the species and 
between biogeographic factors, both experiments show a negative impact on mortality, 
development and growth of juveniles. However effects of ocean acidification on 
P.lenormandii seem to be less severe, than on L. incrustans (e.g. Cumani, 2011): the former 
still preserves capacity to recruit the skeleton under high pCO2 (figure 9). This difference in 
sensitivity could be related to different environmental and ecological conditions (e.g. Dupont 
et al., 2010). 
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Study of the resilience in natural environment of 
juvenile CCA (Crustose Coralline Algae) exposed to 
high and middle acidification scenarios. 
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Abstract: 
The Adriatic Sea represents a sensitive site to climate change and to atmospheric gas 
dissolution due to dense water masses formation in winter that have the possibility of 
sequestering acidified waters. In the Gulf of Trieste “events of acidification” could occur, 
antedating the lowering of pH forecasted by the IPCC. As it is known that reproduction 
of crustose coralline algae (CCA) seems to be negatively impacted by near-future ocean 
acidification, in this study we try to evaluate in situ the recovery capacity of juveniles, 
that have been exposed to acidification, refining at the same time the methods to be 
applied. Results obtained seem to suggest that the response is species-specific and it is 
influenced by seasonality.  
 
Keywords: Lithophyllum incrustans; Hydrolithon boreale; juveniles, perturbation 
experiments; microcosm;  recovery in the field;  
 
 
Figure 1  Recovery sites in the Gulf of Trieste  
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2.1  Introduction. 
Atmospheric carbon dioxide concentration has risen of about one third since beginning 
of the industrial revolution. Atmospheric CO2 concentration is now still rising at a rate of 3.3% 
yr-1 (Canadell et al., 2007) and, considering the IPCC business-as-usual CO2 emission 
scenario (Solomon et al,. 2007, Caldeira & Wickett, 2005), it is expected to reach more than 
700 ppm by the end of this century. Temperate waters, even though a considerable reduction 
of pH is likely to occur at middle latitudes, are not predicted to be under saturated in respect to 
calcite and aragonite within one hundred years (Feely et al., 2004). But IPCC scenarios are 
based on global scale models that do not take into account regional scaling: local 
environmental conditions may minimize or amplify the effect of global acidification. When 
the scale is reduced, interesting local phenomena can be observed: recently, an acidification of 
0.063 pHT units (μmol H+/Kgsw, at 25 °C) over the last 25 years has been observed in the 
dense, cold waters (NAdDW) formed in Northern Adriatic Sea (Luchetta et al., 2010). During 
winter, water mass can be so cold that CO2 solubility pump mechanism can efficiently work 
increasing the dissolved CO2 amount. Adriatic dense waters after formation usually sink and 
outflow through the Otranto Strait sill (750 m), which controls the export to Ionian and 
Eastern Mediterranean Seas (Gačić M. et al., 2001).  In this way Adriatic dense water masses 
have the possibility of sequestering acidified waters and spreading around through the Eastern 
Mediterranean. The Adriatic Sea and the Gulf of Trieste represent therefore a sensitive site to 
climate change and to atmospheric gas solubilization (Luchetta et al., 2010).   
Many species may be adversely affected by 21st century environmental change.  
Calcareous red algae are likely among the calcifying organisms the most sensitive to ocean 
acidification (Kroeker et al., 2010). Coralline algae are also fundamental in the carbon and 
carbonate cycles of shallow coastal ecosystems, being major contributors to CO2 fluxes 
through high community CaCO3 production (Martin et al., 2007, Martin et al., 2006).  
Coralline algae are important bio-builders (Ballesteros et al., 2007), and offer refuges to a 
large number of marine organisms. All these factors make coralline algae a keystone taxon for 
understanding future change in marine coastal ecosystem. Environmental stressors like 
elevated partial pressure of CO2, as during ocean acidification scenarios, may cause 
disturbances in acid-base status of an organism, but response can vary depending on the 
developmental stage of an organism (Pörtner et al., 2010).  
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It is widely accepted that early life-history stages may be the most sensitive to CO2- 
induced ocean acidification (Royal Society, 2005; Pörtner & Farrell, 2008). Cumani (2011) 
dedicated a consistent part of his studies trying to understand the effect on reproduction and 
early developmental stages of Lithophyllum incrustans Philippi, a crustose coralline alga of the 
infralittoral and Chapter 1 of this thesis deals with the effect of ocean acidification on 
reproduction of Phymatolithon lenormandii (Areschoug) Adey.  In his work Cumani (2011) 
came to the conclusion that the increase of carbon dioxide into the atmosphere and the 
consequent decrease in pH of the sea water has a drastic impact on reproduction efficiency of  
L. incrustans, as a decrease in the production of spores,  a reduced development of the spores, 
a reduction  in the survival of young thalli that have been observed in a microcosm during 
perturbation experiments. Similar conclusions were drawn in Chapter 1. 
The present work prosecuted the experiments carried out by Cumani (2011), and was 
partly based on his experience. Given the fact that there‟s an impact of ocean acidification on 
reproduction of L. incrustans (Cumani, 2011) and of P.lenormandii  (see Chapter 1), the aim 
of the present study was therefore to evaluate the resilience in natural environment of 
juveniles crustose coralline algae exposed to acidification during reproduction.  Since it 
was the first time that such an experiment was carried out, some considerations were made on 
the methods, in order to refine the protocol. 
Thanks to a collaboration with CNR-Ismar Trieste the site of PALOMA - Advanced 
Oceanic Laboratory PlatforM for the Adriatic sea, 45° 37 N, 13° 34 E was chosen as 
experimental site in 2010. Physical parameters and carbonate system in the water column by 
the oceanographic mast are monthly monitored by CNR-Ismar Trieste. Due to adverse 
logistical reasons, in 2011 it had not been possible to reach the site PALOMA, located in the 
centre of the Gulf of Trieste, and a new site had to be chosen. The Marine Protected Area of 
Miramare kindly hosted the experiment in October 2011.  The new location, far from being a 
“second–best” gave actually the opportunity to make some considerations on differences 
between the two sites (figure 1). 
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 2.2 Materials and Methods: 
Three cultures have been carried out: in June 2010 (summer) and December 2010 
(winter) and in October 2011 (autumn), the former two by Paloma and by the Marine 
Protected Area of Miramare the latter.  Each culture included 2 phases:  
 
Phase 1: was realized in a microcosm: insemination and early development of new born thalli 
took place under three different pCO2 scenarios (further details in paragraph 2.2.1). At 
the end of the phase 1 (4th week) a census was carried out under the microscope and 
individual thalli were marked and photographed (Nikon Labophot). Results of the 
census were expressed in density. The surface area of the thalli was measured in m
2
 
with software Image J: 
Density = n° of thalli observed * cm
-1
 
Phase 2: the algae were reintroduced in the environment at natural conditions and regained 
after two months in 2010 and after one month in 2011 (further details in paragraph 
2.2.2). A new census was carried out (result of the census are expressed in density). 
Individual thalli were marked and photographed (Nikon Labophot). The area of the 
thalli was measured with software Image J.  Statistical analysis was applied on surface 
area of the thalli. 
 
Duration of the experiments is resumed in Table 1. 
 Phase 1 Phase 2 
June 2010 06/20/2010 – 07/27/2010 07/27/2010 – 09/21/2010 
* 
December 2010 11/25/2010 – 02/02/2011 02/02/2011 – 04/08/2011 
* 
October 2011 10/06/2011 – 11/10/2011 11/10/2011 – 12/08/2011 
** 
Table 1  Duration of experiments  
(recovery site: * PALOMA; ** Marine Protected Area of Miramare) 
 
In June 2010 6 supports (2 for each aquarium) have been prepared, all of them have been 
transferred to sea and regained after two months. In December 2010 12 supports have been 
inseminated, but only 7 have been found after two months (on the 2nd of March 2011 a storm 
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eradicated part of the material). In October 2011, 12 supports have been prepared, transferred 
to the sea and regained after one month.  As the procedure applied to the second phase was a 
new one, the number of supports was doubled in respect of  December 2010 to increase the 
power of the analysis and in October 2011 the time lag of recovery was shortened to prevent 
excessive new colonization and to allow one to one recognition of the thalli.   
 
2.2.1.  Phase 1: insemination and early development under three different pCO2 
conditions. 
2.2.1.1 Sampling and insemination:  
Specimens of the crustose coralline algae L. incrustans and H. boreale were collected 
in June 2010 and December 2010. In October 2011 L. incrustans was mainly collected and the 
number of spores produced by H. boreale was not sufficient to interfere any statistics. The 
sampling was carried out in-shore in the Gulf of Trieste (Gulf of Trieste, Northern Adriatic 
Sea, 45 ° 41' 79''N, 13 ° 44' 07''E) by free diving at 3-4 meters depth. The two species colonize 
the same habitat and often overgrow the same pebble.  The samples were transported in dark 
jars with seawater from the sampling site to the laboratory, keeping them within a Dewar flask 
in order to avoid excessive temperature fluctuations. By the laboratory, the algae were cleaned 
and transferred into a plant for algal cultivation (see paragraph 2.2.1.2 Experimental 
conditions). At the Laboratory of Marine Phytoecology (Department of Life Sciences, 
University of Trieste), they had been placed on supports where the spores could attach, when 
released. The adults have been left on the supports for 48 – 72 hours, a sufficient time for 
spore production, and finally removed.  
2.2.1.2 Experimental Conditions: 
The plant consisted of three aquariums (see Introduction, pg. 12, Figure 6), 15 liters 
each, filled with micro-filtered seawater (micropore 0.45 m), collected at the sampling site. 
One third of the water was changed weekly.  The three aquariums were placed in a bath of 200 
liters in a “bain-marie”  (Cumani et al., 2010) with a constant temperature of 20 °C.  Each 
aquarium was provided with a pump in order to avoid stagnation of water and a filter.  
Three different pH conditions were applied for a month from the beginning up to the 
end of the first phase. The target conditions of pH were: control (sea water; pH=8.2) and 2 
different scenarios of acidification, in order to mimic CO2 concentration forecasted for 2050 
and 2100 (Parry et al., 2007), which corresponds to a pH respectively of 8,0 and 7.8. (See 
paragraph Results 2.3.1 for exact conditions applied). Acidification was obtained by bubbling 
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of pure gaseous CO2; pH was maintained constant using a computerized feedback system: a 
pH-probe (NBS scale) was connected to the Milwaukee SMS 122 pH controller. Each pH 
meter was equipped with a sensor that allows the setting of a specific pH value, above which 
the solenoid is activated. Once activated, it determined the opening of the needle valve and the 
resulting release of CO2 into the tank.  pH(NBS), temperature, salinity were measured in each 
aquariums three times a day (Waterproof Handheld PC 650 dual parameter Meter – NBS 
scale, National Bureau of Standards). 
Total alkalinity (AT) was measured twice a week by titration with mixed indicator of 
bromocresolo green-methyl red (APHA, 1998).  The carbonate system speciation (pCO2, 
ΩCalcium and ΩAragonite) was calculated from pHNBS and AT using CO2SYS (Lewis and 
Wallace, 1998) with dissociation constants from Mehrbach et al. (1973) refitted by Dickson 
and Millero (1987). 
The artificial lighting system (L: D = 12:12) consisted of a set of three lamps (OSRAM 
L36W/965 Biolux 2300 Im, OSRAM L36W/77 Fluor 1400 Im; L36W/76 Osram Natura de 
Luxe 1800 Im), beam perpendicular to the aquariums. The set of emission spectra of the three 
lamps ensured the emission of white light incident on the three constituents of the microcosm 
tanks.  All three culture tanks were positioned at a distance from the light source (optical path) 
between 71.5 cm and 69.5 cm - irradiance range between 12 and 16 mol m
-2
 s
-1
. The optical 
path has been determined and optimized by Cumani (2008).  
 
2.2.1.3  Substratum for insemination: 
The supports, rectangular in shape, dimensions cm 12 X 7, were made in transparent 
polymethyl methacrylate.  The material guaranteed a sufficient light penetration, that allowed 
the observation of the foil under the microscope, but at the same time being less fragile than 
glass.  A grid was engraved on one side of the supports with a cutter (11 x 6=66 cells of 1 cm
2
 
each). The grid was useful to count the spores and to localize the images to be taken. The other 
side was made rough with fine sandpaper in order to facilitate attachments by the spores 
(figure 2). Once the spores attached, it was necessary to maintain them constantly immersed to 
avoid the withering; thus, the foil should be of proper size, contained in a petri dish filled with 
seawater during observation.  
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Figure 2 supports made in polymethyl methacrylate foil, properly treated to let adhere 
the spores (Photo by F. Bradassi). 
 
2.2.2. Phase 2: recovery by the sea.  
Supports and algae were placed into collectors (two supports in each collector), and 
brought to the recovery site (figure 3). In June and December 2010 algae were placed offshore 
(figure 1) at 3-4 meters depth, on the mast for oceanographic measurements “Paloma” 
(property of CNR-ISMAR) located in the middle of the Gulf of Trieste (Latitude: 45° 37' 6'' 
N;  Longitude: 13° 33' 55'' E). Mayor biogeochemical and physical parameters have been 
acquired since 2008 on monthly basis by CNR-Ismar Trieste on the whole water column at the 
coastal site PALOMA.  First results (Luchetta et al., 2010) evidenced a complex time 
evolution of pHT, mainly driven by the combined effect of strong changes in both temperature 
and production/remineralization processes. During winter pHT values were generally low 
(7.868-7.958, avg 7.920) and homogeneous owing to the increased CO2 solubility driven by 
the low water temperature (down to 8.0°C) and to the absence of intense primary production 
processes. During spring and summer pHT was highly variable and mainly driven by the 
biological processes: the highest values (up to 8.120, June 2008) were reached in the upper 
layer. From such preliminary data the site located in the centre of the Gulf of Trieste resulted 
not only a good indicator for coastal dynamics processes but also of sub-basin wide (North 
AdriaticSea) processes and dynamics; therefore, these observation rendered PALOMA  an 
ideal site for our experiments on resilience.  
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Due to logistical reasons, in 2011 the site PALOMA couldn‟t be reached and a new 
site was chosen.  In October 2011 the algae were placed inshore, by the Marine Protected Area 
of Miramare, Zone A, (Latitude 45° 42’ 07” N; Longitude 13° 31’ 29” E) at the same depth 
(figure 1).  
After recovery time the supports were retrieved, (figure 4) keeping them in sea-water 
and brought into the cultivation plant, all at the same conditions (no more bubbling of CO2). 
They were cleaned carefully with a paint brush. A second census was carried out and 
individual thalli were photographed. The area of each thallus was measured using Image J.  
All the procedure has been done as quick as possible. 
 
 
Figure 3: Collector by the sea     Figure 4: Collector retrieved 
     (Photo by A.Gergic)                              (Photo by F. Bradassi) 
  
In June and December 2010 recognition of the same thallus was impossible after 
recovery due to excessive new colonization. The study has been therefore conducted on the 
population. In October 2011, thanks to the monospecific insemination, to the reduced recovery 
time, that limited colonization by other organisms, and to the lower density of thalli, the 
recognition of each single thallus photographed in phase 1 was possible for a sufficient 
number of thalli, in order to run paired statistical tests. The statistical approach to this last 
experiment was therefore different.  
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2.2.3 Statistical analysis. 
Statistical analysis was applied on the surface area of the thalli measured with Image J 
and expressed in m
2
. Each experiment was analyzed independently, as conditions were not 
comparable due to experimental design and to seasonality.  In 2010 (June and December) the 
two species L. incrustans and H. boreale were analyzed. In October 2011 only data regarding 
L. incrustans were available.  
The Shapiro-Wilk (1965) test was used to check if the data were normally distributed 
and the Levene test was used to check homogeneity of variance. When data did not meet the 
assumptions, they were transformed with the Log10 transformation and analysis of variance 
(ANOVA) was used on transformed data. If they still didn‟t meet the assumptions, non 
parametric tests  were used. 
The surface area of the thalli has been analyzed in two ways:  
i.) differences among the three pCO2 conditions (control, intermediate and 
acidic) at the same time (i.e T0= phase 1; T1= phase 2) were checked. If 
data, or normalized data, were normally distributed and variances were 
homogeneous, analysis of variance (ANOVA) was used; if not, the non 
parametric Kruskal-Wallis test was applied; Tukey‟s post-hoc was applied 
after ANOVA and Mann-Whitney U test was applied as a post-hoc on the 
combinations control-intermediate, control-acidic and intermediate-acidic. 
ii.) to check if the algae grew during the recovery time, a comparison was made 
in each aquarium considering T0 versus T1. Mann-Whitney U test was used 
on experiments of 2010. In October 2011 paired samples t-test was used on 
normalized data (Log10 transformation). 
 
Only in October 2011, as the individual recognition of the same thallus at time T0 and 
T1 was possible, growth was calculated for each thallus as difference in surface area: 
 
Growth= ∆S = ST1- ST0 
 
 Analysis of Variance (ANOVA) has been applied on the transformed data (Log10 
transformation).  Tukey post-hoc test was applied afterwards.  
All data were analyzed using SPSS software. 
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2.3  Results and discussion. 
2.3.1 Carbonate chemistry  
Carbonate chemistry in the microcosms (Phase 1) is resumed in Table 2.  
 
 
Tab. 2 
Chemical - physical dataset: Mean ± Standard deviation. Inputs: measures (pH, Temp., salinity with Waterproof Handheld PC 650 
dual parameter Meter; AT  potentiometric). CO2sys.xls: calculations of DIC and ΩCa ΩAr with software CO2 sys.  
  
  
Inputs CO2sys.xls 
pH(NBS) 
Temp 
(°C) 
Salinity 
(PSU) 
AT                        
(µmol/K
g-SW) 
pCO2 
(µatm) 
Inorganic Carbon Saturation state 
CO2     
(µmol/K
g-SW) 
 
 (µmol/Kg-SW) 
 
 
 (µmol/Kg-
SW) 
 
ΩCa ΩAr 
J
u
n
e
 '
1
0
 
control 8.18±0.06 20.1±1.26 37.27±1.80 2228±0.29 368.35±11.38 11.72±1.58 1751.63±15.8 190.34±21.06 4.47±0.50 2.92±0.32 
interm. 8.03±0.06 20.1±1.67 37.31±1.70 2228±0.66 554.81±15.05 17.66±1.33 1868.38±20.3 143.83±22.42 3.38±0.55 2.20±0.37 
acidic 7.76±0.07 20.1±1.44 38.00±2.06 2228±0.83 795.25±27.33 25.20±4.76 1950.26±34.9 110.91±16.65 2.59±0.40 1.69±0.26 
D
e
c
. 
'1
0
 
control 8.08±0.06 20.0.0±0.7 35.83±1.10 2372±1.25 394.49±41.35 17.38±1.21 1964.78±99.76 134.77±28.8 3.20±0.24 2.02±0.22 
interm. 7.93±0.01 20.0±0.7 35.67±1.15 2360±1.35 595.47±72.20 25.95±4.43 2014.19±103.41 113.91.67±17.64 2.70±0.42 1.71±0.26 
acidic 7.80±0.09 20.0±0.7 35.98±1.23 2380±2.14 727.00±91.24 32.41±6.84 2185.00±189.13 97.07.96±20.50 2.30±0.48 1.46±0.30 
O
ct
 .
 '
1
1
 control 8.16±0.05 20.0±0.4 36.97±0.65 2332±2.85 374.49±41.35 13.11±1.71 1858.32±22.61 191.02.77±22.61 4.50±0.16 2.94±0.21 
interm. 7.99±0.04 20.0±0.5 36.95±0.68 2334±1.35 557.47±63.36 22.63±2.02 2089.90±25.53 139.03±23.47 3.28±0.23 2.14±0.28 
acidic 7.81±0.06 20.0±0.7 36.98±0.71 2338±2.43 805.92±85.32 32.41±5.84 2182.00±89.42 96.03±30.43 2.26±0.39 1.48±0.29 
Table 2  Carbonate chemistry in the microcosms (Phase 1) 
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Carbonate Chemistry and Temperature measured by Paloma in June and December 
2010 by ISMAR Trieste are resumed in Table 3. Measurements are single points.  
 
  Depth T Salinity TA  pH situ pCO2  HCO3  CO3  CO2   ΩCa ΩAr  
  m (°C)   (µmol/kgSW)   µatm (µmol/kgSW) (µmol/kgSW) (µmol/kgSW)     
8 giu  sup 0 23.26 32.097 2731.0 8.098 411.5 2121.4 258.0 12.4 6.3 4.1 
8 giu int1  6 17.46 35.880 2636.7 8.198 291.0 1987.4 268.5 10.1 6.4 4.1 
8 giu int2 17 15.17 36.682 2646.0 8.156 328.2 2070.6 237.0 12.1 5.6 3.6 
8 giu  F 24 13.07 37.007 2657.8 8.006 495.2 2246.2 169.0 19.4 4.0 2.5 
6 lug sup 0 25.85 31.409 2745.3 8.099 413.5 2096.2 275.8 11.7 6.8 4.5 
6 lug int1   11 21.34 35.245 2653.4 8.013 492.6 2137.7 214.7 15.3 5.1 3.3 
6 lug int2 17 15.81 36.642 2660.4 8.021 478.5 2202.2 189.1 17.3 4.4 2.9 
6 lug F 24 14.75 36.752 2668.5 7.871 711.9 2336.7 136.7 26.5 3.2 da 
14 dic sup 0 12.59 36.675 2638.9 8.130 353.8 2133.4 207.5 14.1 4.9 3.1 
14 dic int1   8 12.60 36.682 2634.8 8.134 349.1 2125.8 208.8 13.9 4.9 3.1 
14 dic int2 18 12.72 36.798 2638.5 8.133 349.8 2126.4 210.1 13.9 4.9 3.2 
14 dic F 24 12.92 36.905 2632.5 8.066 418.0 2177.6 186.5 16.5 4.4 2.8 
Table 3 Carbonate chemistry and temperature measured on Paloma – CNR Ismar 
Trieste 
 
Table 2 and Table 3 are not directly comparable, as Table 2 represents mean and 
standard deviation collected three times a day within microcosms (control, intermediate, 
acidic), while table 3 is relative to single points measurement. Natural environment variability 
is very high both in time and in space: temperature and DIC varied through the water column, 
and saturation state was generally lower near the bottom rather than in surface, suggesting that 
carbonate chemistry is highly influenced by biological processes, like respiration, 
photosynthesis and degradation. Saturation state in the aquariums was generally lower than by 
the sea, but pH value were not so far. The difference in saturation state is mainly due to 
differences in the alkalinity.  
 
 
2.3.2 Census and Area 
2.3.2.1  Hydrolithon boreale (Foslie) Chamberlain. 
H. boreale was sampled in June 2010 and December 2010.  Spore production was 
higher in summer than in winter experiment, suggesting that winter is not a favorable season 
for the reproduction of this species. (Bressan & Babbini, 1996a). 
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The census has been expressed as density (figure 5), where:   
Density = n° of thalli observed * cm
-1
 
Density of thalli at first census was lower in intermediate and acidic aquariums rather 
than in the control. In the second census, during the month of June, the difference was still 
present. In December the population was massively reduced within each observed support.   
In these two experiments duration of phase 2 is comparable, but the area of the thalli 
after recovery was about twenty times greater in June than in December (figure 7a and 7b). In 
June some thalli (mainly in the control aquarium) reached maturity and some conceptacles 
were present (figure 6). When temperature is high, growth and development of this thin layer-
species seems to be very fast.  
 
Figure 5: Density of thalli of H. boreale. 
 
 
The measurements expressed in m
2
 of the area of the thalli were plotted in figure 7a 
(June 2010) and 7b (December 2010). 
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Figure 6: H. boreale: conceptacles developed in June 2010. (Photo by F. Bradassi) 
Hydrolithon boreale (Foslie) Chamberlain
2 mm
A
re
a 
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m
2
Figure 7a:  Surface Area in m
2
 of H. boreale in June 2010,   
1= control, 2= intermediate, and 3= acidic conditions.  
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Figure 7b: Surface Area in m
2
 of H. boreale in December 2010,  1= control, 2= 
intermediate, and 3= acidic conditions.  
 
The surface area has been statistically analyzed in two ways. 
i.) Differences among the three aquariums (control, intermediate and acidic) have been 
checked at time T0= phase 1 and then at time T1= phase 2 (Table 4). At time T0 the 
difference in the mean area was not statistically significant in June nor in December (Table 
4). At Time T1 the difference was statistically significant in June and in December (Table 
4).  In June Mann-Whitney U test has been applied as a post-hoc on the combinations 
control-intermediate, control-acidic and intermediate acidic: control resulted significantly 
different versus intermediate after recovery (Table 4). In December 2010 analysis of 
variance was applied after recovery (time T1) and the difference resulted statistically 
significant (Table 4). The difference was statistically significant, Control Vs intermediate 
and Control Vs acidic. Intermediate Vs acidic was not significant. (Tukey post-hoc). 
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  JUNE 2010 DEC. 2010 
Phase I T0 
 
Kruskal-Wallis test Kruskal-Wallis test 
Chi-Square32 = 1.208 Chi-Square53= 1.014 
P=0.547 n.s. P=0.602 n.s. 
Phase II T1 
Kruskal-Wallis test ANOVA 
Chi-Square30= 5.516 F(1,29)=19.399 
P=0.053 P<0.001 
Post-hoc Mann-Whitney U test Post-hoc Tukey's 
Control Vs Interm*  U=12.000 
N1=10, N2=10; P=0.021 Control Vs Interm*** P<0.001 
Control Vs Acidic n.s. U=18.000 
N1=10, N2=10;P=0.161 Control Vs Acidic*** P<0.001 
Interm Vs Acidic n.s. U=28.000 
N1=10, N2=10;P=0.481 Interm Vs Acidic n.s.  P=0.796 
Table 4. H. boreale. Contemporary differences among the treatments.  
* significant (p<0.05); ** highly significant (0.05>p<0.001; ***very highly  significant 
p<0.001) 
 
 
 
ii.) For each aquarium the mean Area was compared time T0 versus T1, in order to check if 
there was any growth in natural environments (Table 5). Mann-Whitney U test was used in 
all the experiments. In June the difference was statistically significant in each aquarium 
(P<0.001 in control and in intermediate, P=0.005 in  acidic – Table 5). In December the 
difference was statistically significant in both the control and intermediate (p<0.001), 
whereas was not significant in the acidic one  (Table 5).  
 
  
Hydrolithon boreale 
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JUNE 
2010 
CONTROL  INTERM.  ACIDIC 
Mann-Whitney U test Mann-Whitney U test Mann-Whitney U test 
T0 Vs T1***                             
U=3.000 N1=10,     
N2=8;P<0.001 
T0 Vs T1***                                     
U=0.000 N1=10,      
N9=8;P<0.001 
T0 Vs T1**                        
U=13.000 N1=12,         
N2=8;P=0.005 
DEC. 
2010 
Mann-Whitney U test Mann-Whitney U test Mann-Whitney U test 
T0 Vs T1**                             
U=3152.500 N1=134, 
N2=64;P=0.003 
T0 Vs T1**                                     
U=23.000 N1=20, 
N2=9;P=0.001 
T0 Vs T1 n.s                    
U=53.000 N1=19, 
N2=10;P=0.056 
Table 5. H. boreale. Differences in the mean area after recovery in respect to pre-recovery:  
* significant (p<0.05); ** highly significant (0.05>p<0.001); *** very highly  significant 
p<0.001) 
 
 
H. boreale didn‟t give a clear response to acidification at time T0, the difference was 
not statistically significant between the three aquariums (Table 4, Phase I) but at time T1 
(Table 4, Phase II).  This data might indicate that H. boreale can initially cope with 
acidification, but at high energetic cost, acidification quickly exhausts the strength of the 
organism, as observed in other species (Hofmann et al., 2011). The highest values 
recorded after recovery were localized in the control aquarium. December didn‟t show a 
clear increase of the area (not significant difference in the mean area T0 vs T1, Table 5, 
December) in acidic aquarium. The recovery capacity seems to be strongly influenced by 
temperature, consequently H. boreale, whose geographical distribution is mainly sub 
cosmopolite (Bressan et al., 1996,b), might be especially endangered during winter, when 
low calcite/aragonite saturation state are likely reached in the Gulf of Trieste, in 
association with low temperature. On the other hand, a massive reproduction in this 
species seems to occur preferentially in early summer, so that, it is very unlikely that 
winter acidification might affect reproduction of this species.  
There is no evidence of a clear threshold, as the response seems to gradually increase 
in thalli exposed from middle to high pCO2 treatment. Further studies are needed to better 
understand response of H. boreale to ocean acidification, which should be focused on 
Hydrolithon boreale 
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adults (calcification, photosynthesis and respiration) as well as on juveniles and should take 
into account the simultaneous effect of temperature and acidification. For this species the 
acidification occurring during winter can result in a loss of competitive fitness and H. 
boreale may be overwhelmed by other non calcifying species, as shown in natural CO2 
vents site in Ischia (Naples, Italy), where as pH was reduced so were the calcitic species 
and a few non calcified species became dominant  (Porzio et al. 2011).  Nevertheless by 
natural CO2 vents in Ischia Hydrolithon cruciatum (Bressan) Chamberlain has shown to 
disappear at a pH level lower than 7.8 (Porzio et al., 2011). 
 
2.3.2.2  Lithophyllum incrustans Philippi. 
L. incrustans was sampled in June 2010, December 2010 and October 2011 (figure 9). 
In June and December 2010 the algae were placed on PALOMA for recovery, in October 2011 
by the Marine Protected Area of Miramare. Spore production was higher in December 2010. 
The phenology of reproduction in L. incrustans is known to be in April, in autumn, and late 
autumn (Bressan & Babbini, 2003).  
The census has been expressed as density (figure 8), where:   
Density = n° of thalli observed * cm
-1
 
As expected (Cumani, 2011; Cumani et al., 2010), density of new born thalli was 
lower in acidic aquarium at time T0 in all the experiments (figure 8).  In October 2011 an 
extreme increase of density in all the aquariums was recorded from time T0 to time T1 (figure 
8) that cannot be justified, if not considering new colonization occurred in the recovery site. 
This is of course possible, but it does not bias results of the area measurement, since in 
October 2011 only the thalli marked at time T0 were photographed.  New colonization was not 
noticed in June and December, when the collectors had been placed on PALOMA. (This 
observation is based on the fact that the non-inseminated side of the supports appeared 
coralline free in June and December 2010, while it was not in October 2011.)   
The Area of L. incrustans in June and December 2010 is plotted in figure 10a and 10b. 
Results of experiment of October 2011 are resumed in figure 11.  
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Figure 8: Density of thalli of L. incrustans. 
 
 
Figure 9: Two thalli of L.incrustans after recovery. (Photo by F. Bradassi, Stereomicroscope)  
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Lithophyllum incrustans Philippi
 
Figure 10a  Area in m
2
 of L. incrustans in June 2010,  1= control, 2= intermediate, and 3= 
acidic conditions.  
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Figure 10b Area in m
2
 of L. incrustans in December 2010 1= control, 2= intermediate, and 
3= acidic conditions.  
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The second phase of June and December 2010 had a similar duration, and the mean 
area reports the same order of magnitude at time T0 and T1, considering the highest values 
(figure 10). The area at time T1 was two order of magnitude smaller during the experiment of 
October 2011 (figure 11) than in the previous two experiments, but duration of phase 2 was 
shorter (about the half). The switch from microcosm to open sea is probably a shock for the 
organism. In June and December the longer recovery gave more time to get used to new 
conditions, and the algae grew more, but at the same time, the disadvantage was that the new 
colonization by other organisms was much more advanced and visual one to one recognition 
of the thalli was not possible any more. 
 
In June and December 2010 the area of the thalli were analyzed in two ways:  
i.) Differences among the three aquariums (control, intermediate and acidic) were 
checked at time T0= phase 1 and then at time T1= phase 2 (Table 6).  At time T0 the 
difference in the mean area was always statistically significant, and so was at Time T1 
(Table 6).  Mann-Whitney U test has been applied as a post-hoc on the combinations 
control-intermediate, control-acidic and intermediate-acidic at time T0 and T1: mean 
control area was always significantly different versus acidic area, in Phase I and in 
phase II (Table 6).  Difference Control vs Intermediate was not significant in June, 
Phase I, but became significant in Phase II; intermediate vs acidic was always 
significantly different (Table 6).   
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  JUNE 2010 DEC. 2010 
Phase I T0 
Kruskal-Wallis test Kruskal-Wallis test 
Chi-Square66 = 7.115 Chi-Square342=60.869 
P=0.029** P<0.001*** 
Post-hoc Mann-Whitney U test Post-hoc Mann-Whitney U test 
Control Vs Interm  n.s.                    
U=180.000 N1=21, N2=23;P=0.148 
Control Vs Interm***   U=3486.000 
N1=94, N2=114; P<0.001 
Control Vs Acidic *              
U=150.000 N1=21, N2=22;P=0.049 
Control Vs Acidic***  U=3111.000 
N1=94, N2=134;P<0.001 
Interm Vs Acidic ** U=148.000 
N1=23, N2=22;P=0.017 
Interm Vs Acidic***. U=4412.000 
N1=114, N2=134;P<0.001 
  Kruskal-Wallis test Kruskal-Wallis test 
Phase II T1 
Chi-Square66= 43.318 Chi-Square223= 73.099 
P<0.001*** P<0.001*** 
Post-hoc Mann-Whitney U test Post-hoc Mann-Whitney U test 
Control Vs Interm*** U=63.000 
N1=21, N2=23;P<0.001 
Control Vs Interm*** U=1627.000 
N1=73, N2=76;P<0.001 
Control Vs Acidic *** U=10.000 
N1=21, N2=22;P<0.001 
Control Vs Acidic*** U=568.000 
N1=73 N2=74 P<0.001 
Interm Vs Acidic *** U=46.000 
N1=23, N2=22;P<0.001 
Interm Vs Acidic *** U=1540 N1=76 
N2=74, P<0.001 
Table 6. L. incrustans. Contemporary differences among the treatments.  
* significant (p<0.05); ** highly significant (0.05>p<0.001); ***very highly significant 
(p<0.001) 
  
Lithophyllum incrustans 
Chapter 2 
 
62 
 
ii.) The mean area was compared time T0 versus T1 in each aquarium to check if there 
was any growth at all in the natural environment (Table 7). Mann-Whitney U test was 
used.  In June and December the difference was statistically significant in all the 
aquariums (Table 7). 
 
 
Lithophyllum incrustans 
  CONTROL. INTERM.  ACIDIC. 
JUNE 2010 
Mann-Whitney U test Mann-Whitney U test Mann-Whitney U test 
T0 Vs T1***                           
U=0.000 N1=21, 
N2=21;P<0.001 
T0 Vs T1***                                     
U=0.000 N1=23, 
N9=23;P<0.001 
T0 Vs T1***                        
U=13.000 N1=22, 
N2=22;P<0.001 
DEC. 2010 
Mann-Whitney U test Mann-Whitney U test Mann-Whitney U test 
T0 Vs T1***                            
U=3038.000 N1=114, 
N2=176;P<0.001 
T0 Vs T1**                                     
U=3038.000 N1=114, 
N2=76;P<0.001 
T0 Vs T1 **                
U=3152.500 N1=134, 
N2=64;P=0.003 
Table 7. L. incrustans. Differences in the mean area after recovery in respect to pre-recovery 
measurements: * significant (p<0.05); ** highly significant (0.05>p<0.001; *** very highly 
significant p<0.001) 
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In October 2011 the same thalli have been photographed and measured before and after the 
recovery time. The area is plotted in figure 11.  
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Figure 11 Area in m
2
 of L. incrustans in October 2011, box plot 1=control, 2=intermediate, 
3 = acidic aquarium; on the right image of the same thallus after one month (Control). 
 
The area of the thalli has been analyzed in two ways:  
i.) The differences among the three aquariums (control, intermediate and acidic) were 
checked at time T0= phase 1 and then at time T1= phase 2 (ANOVA, table 8). The 
analysis were carried out on normalized data (Log10 transformation). At time T0 the 
difference in the mean area was statistically significant (Table 8). Tukey post-hoc was 
applied and the difference was significant control vs acidic and intermediate vs acidic, 
whereas control vs intermediate was not significant (Table 8). At time T1 the 
difference was statistically significant (ANOVA, Table 8). Tukey post-hoc was applied 
and the difference was significant control vs acidic and intermediate Vs acidic (Table 
8). Control vs Intermediate was not significant. 
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Lithophyllum incrustans 
 OCTOBER 2011 
Phase I T0 
ANOVA Post-hoc Tukey's 
F(1,330)=39.109 
Control Vs Interm n.s. 
P=0.884 
P<0.001*** 
Control Vs Acidic*** 
P<0.001 
Interm Vs Acidic*** 
P<0.001 
Phase II T1 
F(1,223)=28.157 
Control Vs Interm n.s. 
P=0.994 
P<0.001*** 
Control Vs Acidic*** 
P<0.001 
 
Interm Vs Acidic*** 
P<0.001 
Table 8 L. incrustans. Contemporary differences among the treatments. 
* significant (p<0.05); ** highly significant (0.05>p<0.001); ***very highly significant 
(p<0.001) 
 
 
ii.) For each aquarium the mean Area has been compared time T0 versus T1, to check if 
there was any growth in natural environments (Table 9). Paired t-test was used. The 
difference was statistically significant in control aquarium (Table 9); in intermediate  
(Table 9) and in acidic aquarium (Table 9). 
 
Lithophyllum incrustans 
 paired t test 
 CONTROL. INTERM.  ACIDIC. 
OCTOBER 2011 
T0 Vs T1***                           
t91=12.585  ***p<0.001 
T0 Vs T1***                           
t66=-8.373 ***p<0.001 
T0 Vs T1***                           
t68=-6.386  ***p<0.001 
Table 9 L. incrustans. Differences in the mean area after recovery in respect to pre-recovery 
measurements: * significant (p<0.05); ** highly significant (0.05>p<0.001); *** very highly 
significant p<0.001) 
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As in October 2011 the individual recognition of the thalli was possible, analysis of 
Variance (ANOVA) has been applied on the transformed data (Log10 transformation) of 
Growth expressed as: 
Growth= ∆S = ST1- ST0 
Results of Growth expressed as ∆S = ST1- ST0 are resumed in figure 12. The difference in 
growth was statistically significant (ANOVA; F(1,213)= 5.715 **P =0.004);  Tukey post-hoc 
was applied and the difference control vs. acidic was significant (p=0.002); control vs. 
intermediate was not significant (p=0.679); intermediate vs. acidic was not significant 
(p=0.058),  
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Figure 12 October 2011: Growth expressed in m as ∆ ∆S = ST1- ST0 (µm
2
)  
1=control, 2=intermediate, 3 = acidic aquarium  
  
L. incrustans increases its surface area more slowly than H. boreale and P. 
lenormandii (see Chapter 1), but it should be considered that L. incrustans growths in 
thickness and not only in surface, as meristematic activity persists not only in the margins 
(Irvine & Camberlain, 1994). It seems however that the strategy is different, as L. incrustans 
grows all the year long at our latitudes and reproduction in late autumn seems to be abundant. 
According to data the response of the intermediate aquarium seems to be more similar to the 
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control, rather than to the acidic, and the difference in growth (figure 12) is not statistically 
significant control vs intermediate, while it is so, control vs acidic. These data might therefore 
indicate that resilience is maintained until it is exceeded a threshold of tolerance, which for L. 
incrustans could be closer to pH 7.8 than 8.0. 
 
2.4 Conclusions  
 These studies let us test a new protocol and new plastic supports to reintroduce in the 
natural environment coralline algae inseminated in a microcosm. The new supports were 
suitable for both the insemination of the algae and microscopy observation; they are 
sufficiently resistant to mechanic shocks in the field too. New utilizations could be imagined 
in the field, such as by natural CO2 vents, where natural acidification occurs (Hall-Spencer et 
al., 2008, Porzio et al., 2011). 
 Two months by the sea would be the “ideal” recovery time  but the identification of 
individual thalli is not possible, since natural settlement succession (by plants and animals) 
becomes too advanced and overgrowths the corallines and consequently statistical analysis 
cannot be conducted on the growth of the same individual; on the contrary has to be run on the 
population as a whole.  The recovery time lag should be no longer than 30-40 days, if paired 
analysis is wanted. In wintertime temperature acclimation in the microcosm would be 
appreciable (it was not technically possible in our plant). 
 The recovery location gives different advantages and disadvantages inshore and 
offshore: by the offshore site the colonization by other corallines is practically absent 
representing an advantage, but efforts and resources requested to reach the site are much more 
substantial. The colonization by other coralline happening inshore should be considered as an 
experimental design and be based on one to one recognition of the inseminated thalli, 
consequently the recovery time cannot be longer than one month in autumn or winter; in 
springtime or summer one month could be even too long in order to prevent excessive new 
colonization. In both cases the recovery location would be appreciable if equipped with 
temperature and DIC sensors working continuously, in order to give continuous data about 
condition at which the recovery occurs. 
 Coming to a conclusion, both the considered species seems impacted by ocean 
acidification. This was known for L. incrustans (Cumani, 2011), not for H.boreale.  The 
response of the two species is different: the damage is not immediately evident in H.boreale  
and the recovery capacity seems to be strongly influenced by temperature and seasonality, 
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faster in summer rather than in winter, but no threshold can be identified and the response is as 
stronger as more extreme is the CO2 treatment, in winter recovery seems to be completely 
depressed (Table 5, no significant difference in growth after recovery).  In L. incrustans the 
effect of temperature seems to be less important than in H.boreale, the resilience is 
maintained, as in all the treatments, growth was observed during recovery at all seasons (Table 
7 and 9), even if growth (expressed as ∆S) is lower in the acidic treatment, and the difference 
is statistically significant (Figure 12).  For L. incrustans the threshold of tolerance could be 
closer to a pH of 7.8 than 8.0.  
 This observations however need further evidence, especially regarding H.boreale as 
there are no other available information on this species at the moment. The maximization of 
the statistical power of data, using a larger number of observations and paired test for analysis, 
was not possible from the beginning.  
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Alamar Blue viability assay on Lithophyllum 
incrustans Philippi under stress by acidification. 
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Abstract: 
Coralline algae (Corallinales, Rhodophyta) are predicted to be negatively impacted by 
near-future ocean acidification. Low pH / high pCO2 have been shown to depress several 
parameters including calcification, development and recruitment. Alamar Blue Assay 
was used to detect viability of adults Lithophyllum incrustans exposed to middle and high 
pCO2 treatments. Surprisingly, the percentage of reduction of Alamar Blue was higher 
in treatments than in a control aquarium and the difference was statistically significant. 
Alamar Blue is usually employed as a viability assay;  in this case, we supposed that 
Alamar Blue, rather than detecting growth, worked as a test for metabolic activity. If our 
interpretation is correct, our findings may suggest therefore that the algae are trying to 
oppose acidification with an intensified metabolic activity. 
 
Keywords: Coralline algae; Alamar Blue; viability assay; ocean acidification; 
microcosm; perturbation experiment; metabolic up-regulation. 
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 3.1  Introduction. 
Ocean uptake of anthropogenic CO2 helps limit the level of CO2 in the atmosphere but 
changes the ocean‟s fundamental chemistry (Caldeira & Wickett, 2005). Many species may be 
adversely affected by the 21st century's environmental changes, but a decade of research 
suggests that the hypercalcifying organisms may be especially vulnerable to an acidity–driven 
decrease in the saturation state of surface sea water with respect to calcite and aragonite. 
Indeed, the majority of studies show a consistent decline in the rate of benthic calcification as 
a result of increasing CO2 (Marubini et al., 2003; Langdon & Atkinson, 2005; Gazeau et al., 
2007; Antony et al., 2008; Jokiel et al., 2008; Andersson et al., 2011)  As high magnesium 
calcite is more soluble than pure calcite, coralline algae (Corallinales, Rhodophyta) are 
predicted to be more negatively impacted by near-future ocean acidification (Kleypas et al., 
1999; Andersson et al., 2008; Anthony et al., 2008) than calcifiers using other forms of 
calcium carbonate.  The growth rate and calcification of coralline algae have proven to 
decrease in microcosm experiments when exposed to the elevated pCO2 expected by the end 
of this century (Gao et al., 1993; Langdon et al., 2003; Doney et al., 2007; Jokiel et al. 2008; 
Büdenbender et al., 2011; Cumani, 2011) Long term experiments showed a decrease in growth 
and recruitment of crustose coralline algae (Kuffner et al., 2008) and similar conclusions were 
drawn from field observations (Hall-Spencer et al., 2008, Cigliano et al., 2010).  Some authors 
recently focused on metabolic rates of photosynthesis, respiration and calcification in coralline 
algae at high pCO2 (Martin et al., 2006; Antony et al., 2008; Semesi et al., 2009 a, b; Gao and 
Zheng, 2010; Hofmann et al., 2011). These processes had already been found to be 
intermingled by Borowitzka (1977, 1982), Bressan & Ghirardelli (1993).  But there is still 
little knowledge on the metabolism of Corallinales exposed to acidification stress.  It might be 
expected that acidification could depress the viability of coralline algae, as general results on 
calcification and growth show a reduction.  
To measure the viability of algal cells, various dyes including neutral red, erythrosin, 
methylene blue, crystal violet, and eosin Y, have been used (Saga et al., 1989). However, 
these dyes are not suitable for coralline algae because the calcium carbonate of the alga 
adsorbs the dyes regardless of cell viability. AlamarBlue Assay is designed to measure, 
quantitatively, the proliferation of various animal, bacterial and fungi cell lines (Al-Nasiry et 
al., 2007) and has been successfully applied for the measurement of the viability in CCA 
(Crustose Coralline Algae) by Mizuta (1997). Alamar blue is an oxidation-reduction indicator 
as well as a tetrazolium salt (Hamid et al., 2004), but it is different from other tetrazolium salts 
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because it is non-toxic to cells and a medium, including alamar blue, changes color in response 
to the chemical reduction resulting from cell growth. The assay is simple to perform since the 
indicator is water soluble, thus eliminating the washing/fixing and extraction steps required in 
other commonly used cell proliferation assays.  
In his work, comparing Alamar Blue to other tetazolium salts, Mizuta (1997) 
concluded that Alamar Blue was the most suitable assay to be applied in the viability 
assessment of CCA because of the easiness of use,  because it is a vital dye and because the 
result can be expressed quantitatively.  
The objective of the present study is therefore to investigate the effect of near-
future ocean acidification on viability of the crustose coralline alga Lithophyllum 
incrustans Philippi.  AlamarBlue Assay was used to reach this goal.   
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3.2 Materials and Methods: 
Experiments were repeated three times, following the same protocol: in June, 
September and December 2010. 
 
3.2.1  Algae sampling and experimental conditions 
Specimens of the encrusting coralline alga Lithophyllum incrustans Philippi were 
collected by diving along the waterfront of Barcola (Gulf of Trieste, Northern Adriatic Sea, 45 
° 41'21 .79''N, 13 ° 44'32 .07''E, in-shore site) to a depth of 3-4 m. The algae were growing on 
pebbles and were collected with the substratum. The samples were transported to the 
laboratory in dark jars with sea water of the sampling site, keeping them in a Dewar flask in 
order to avoid excessive temperature fluctuations.  At the Laboratory of Marine Phytoecology 
(Department of Life Sciences, University of Trieste), the algae were cleaned and transferred into a 
plant for algal cultivation.  
The plant consisted of three aquariums each of 15 liters, filled with micro-filtered 
seawater (micropore  0.45 µm), collected at the sampling site.  One third of the water was 
changed weekly.  The three aquariums were placed in a bath of 200 liters in a “bain-marie”  
(Cumani et al., 2010) with a constant temperature of 20 °C.  Each aquarium was provided with 
a pump and a filter in order to avoid stagnation of water.  
Three different pH conditions were compared: control (seawater) and two different 
scenarios of acidification, in order to mimic CO2 concentration forecasted for 2050 and 2100 
(Parry et al., 2007), which corresponds to a pH of 8.0 and 7.8 respectively.  Acidification was 
obtained by pure gasous CO2 insufflation (Dickson et al., 2010);  the pH was maintained 
constant using a computerized feedback system: a pH-probe (NBS scale) was connected to the 
Milwaukee SMS 122 pH controller. Each pH meter was equipped with a sensor that allows 
one to set a specific pH value above which the solenoid is activated. Once activated,  it 
determined the opening of the needle valve and the resulting release of CO2 into the tank.  
The pH(NBS), temperature and salinity were measured in each aquarium three times a 
day (Waterproof Handheld PC 650 dual parameter Meter – NBS scale, National Bureau of 
Standards). 
Total alkalinity (AT) was measured twice a week by titration with mixed indicator of 
bromocresolo green-methyl red (APHA, 1998).   
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The carbonate system speciation (pCO2, ΩCalcium and ΩAragonite) was calculated 
from pHNBS and AT using CO2SYS (Lewis & Wallace, 1998) with dissociation constants from 
Mehrbach et al. (1973) refitted by Dickson & Millero (1987). 
The artificial lighting system consisted of a set of three lamps (OSRAM L36W/965 Biolux 
2300 Im, OSRAM L36W/77 Fluor 1400 Im; L36W/76 Osram Natura de Luxe 1800 Im), with beam 
perpendicular to the tanks. The set of emission spectra of the three lamps ensured the emission of white 
light incident on the three constituents of the microcosm tanks.   All three culture tanks were positioned 
at a distance from the light source (optical path) between 71.5 cm and 69.5 cm - the irradiance range 
between 12 and 16 mol m
-2
 s
-1
. The optical path was determined and optimized by Cumani (2008). The 
photoperiod was 12:12 (L:D). 
 
3.2.2 Alamar Blue
TM
  Assay 
 Alamar Blue Assay incorporates a flurimetric/colorimetric growth indicator based on 
detection of the metabolic activity.  The REDOX indicator is non toxic to living cells, and 
therefore can be applied in vivo. The specific (fluorometric/colorimetric) REDOX indicator 
incorporated in the alamarBlue, exhibits both fluorescence and colorimetric change in the 
appropriate oxidation-reduction range relating to cellular metabolic reduction and produces a 
clear, stable change. Metabolic activity of cells results in a chemical reduction of Alamar Blue. 
The reduction causes the REDOX indicator to change from oxidized form (non-fluorescent, 
blue - figure 1 -)  to reduced (fluorescent, red) form.  A reduction of Alamar Blue requires 
uptake by the cells. Data were collected using Absorbance, monitored at 570 nm and 600 nm 
measured with Perkin ELMER 2  Lambda 2 UV/VIS Spectrometer. 
Alamar Blue Assay was applied after a month of cultivation under control, with 
intermediate and high CO2 concentration.  Marginal parts (1 cm
2
) of the thallus were taken 
away from adult L. incrustans and carefully cleaned, removing epiphytes. The margins were 
chosen, because the margin can be considered the most lively part of the thallus and the most 
recently built up one. The pieces were placed in a microcuvette with 1 ml of sea water and 
0.05 ml of Alamar Blue. 
Alamar Blue was prepared with sea water sterilized in an autoclave, 120° C for 20 min, 
with the addition of the antibiotics Amicacine (streptomicine similar) 20 g/ml and Penicilline 
G 80 g/ml, following Mizuta (1997). 
The test results were expressed as percentage of reduction of Alamar Blue, that is 
estimated using the ratio between the concentration of the reduced form in the treated sample 
and the concentration of alamarBlue oxidized in the white (culture medium).  The 
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concentrations were obtained by the measures of absorbance at 570 nm (peak of the reduced 
form) and 600 nm (peak of the oxidized form).  Calculations are explained in Appendix 2.  
 Measurements were repeated five times in the first 30 hours, at the 3rd, 5th, 21st, 25th 
and 29th hour, according to the standardized protocol  (Alamar Blue Assay Manual–Biosource  
http://tools.invitrogen.com/content/sfs/manuals/PI-DAL1025-
1100_TI%20alamarBlue%20Rev%201.1.pdf) and following Mizuta (1997).  In June 2010, 
three thallus were measured in each aquarium, in September and December 2010 five thallus 
were measured in each aquarium to enhance  the statistical power.   
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Figure 1: Oxidized blue form of Alamar blue. 
 
 
Figure 2: Petri dishes at time T4      Figure 3: Cuvettes at the end of experiment. 
(Photos by F.Bradassi) 
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3.2.3 Statistical analyses 
One way Multivariate Analysis of variance (MANOVA) was used to test the difference 
by means. Manova was used to compare the treatments considering all of the measurement 
times together (Townend, 2002).  The Shapiro-Wilk (1965) test was used to confirm that the 
data were distributed normally and the Levene test was used to confirm that variances were 
homogenous. All data were analyzed using SPSS software . 
 
3.3. Results: 
3.3.1  Carbonate chemistry 
Carbonate chemistry in the 3 experiments is resumed in Table 1.  
Tab. 1 
Chemical - physical data set: Mean ± Standard deviation. Inputs: measures (pH, Temp., salinity with Waterproof Handheld PC 650 
dual parameter Meter; AT  potentiometric). CO2sys.xls: calculations of DIC and ΩCa ΩAr with software CO2 sys.  
  
  
Inputs CO2sys.xls 
pH(NBS) 
Temp 
(°C) 
Salinity 
(PSU) 
AT                        
(µmol/K
g-SW) 
pCO2 
(µatm) 
Inorganic Carbon Saturation state 
CO2     
(µmol/K
g-SW) 
 
 (µmol/Kg-SW) 
 
 
 (µmol/Kg-
SW) 
 
ΩCa ΩAr 
J
u
n
e 
'1
0
 control 8.18±0.06 20.1±1.26 37.27±1.80 2228±0.29 368.35±11.38 11.72±1.58 1751.63±15.8 190.34±21.06 4.47±0.50 2.92±0.32 
interm. 8.03±0.06 20.1±1.67 37.31±1.70 2228±0.66 554.81±15.05 17.66±1.33 1868.38±20.3 143.83±22.42 3.38±0.55 2.20±0.37 
acidic 7.76±0.07 20.1±1.44 38.00±2.06 2228±0.83 795.25±27.33 25.20±4.76 1950.26±34.9 110.91±16.65 2.59±0.40 1.69±0.26 
S
ep
t.
 '
1
0
 control 8.20±0.01 20.1±0.11 37.13±0.35 2361±0.21 367.93±11.12 11.76±3.22 1840.32±16.9 209.99±15.32 4.94±0.15 3.22±0.25 
interm. 8.06±0.03 20.1±0.12 37.11±0.36 2361±0.56 550.85±19.35 17.62±3.28 1966.31±26.1 159.8±21.38 3.76±0.19 2.45±0.41 
acidic 7.79±0.03 20.1±0.10 37.09±0.31 2361±0.73 765.86±30.12 24.36±5.30 2051.66±37.1 125.33±36.21 2.95±0.25 1.92±0.31 
D
ec
. 
'1
0
 control 8.08±0.06 20.0.0±0.7 35.83±1.10 2372±1.25 374.49±41.35 17.38±1.21 1964.78±99.76 134.77±28.8 3.20±0.24 2.02±0.22 
interm. 7.93±0.01 20.0±0.7 35.67±1.15 2360±1.35 495.47±72.20 25.95±4.43 2014.19±103.41 113.91.67±17.64 2.70±0.42 1.71±0.26 
acidic 7.80±0.09 20.0±0.7 35.98±1.23 2380±2.14 727.00±91.24 32.41±6.84 2185.00±189.13 97.07.96±20.50 2.30±0.48 1.46±0.30 
Table 1: Carbonate Chemistry 
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3.3.2  Alamar Blue Assay 
Absorbance  measured at 600 and 570 nm is summarized in Table 2,3 
and 4. 
 
AlamarBlue Absorbance measures - June 2010 
Time  T1 T2 T3 T4 T5 
Wavelength  570 600 570 600 570 600 570 600 570 600 
control 1.01 0.520 0.723 0.564 0.734 0.739 0.614 0.738 0.582 0.730 0.542 
  1.02 0.542 0.743 0.598 0.761 0.732 0.608 0.757 0.599 0.747 0.563 
  1.03 0.537 0.758 0.595 0.801 0.706 0.712 0.750 0.720 0.766 0.695 
Interm. 2.01 0.536 0.746 0.594 0.761 0.802 0.592 0.815 0.545 0.779 0.466 
  2.02 0.534 0.746 0.592 0.765 0.794 0.618 0.820 0.578 0.844 0.531 
  2.03 0.523 0.733 0.583 0.763 0.781 0.634 0.809 0.600 0.836 0.558 
Acidic 3.01 0.541 0.746 0.580 0.727 0.757 0.548 0.750 0.506 0.764 0.464 
  3.02 0.537 0.754 0.595 0.774 0.763 0.643 0.738 0.604 0.739 0.580 
  3.03 0.552 0.776 0.610 0.800 0.827 0.661 0.840 0.621 0.864 0.573 
S. W. WHITE 0.548 0.820 0.519 0.681 0.649 0.956 0.707 1.037 0.740 1.080 
 
Table 2: Spectrophotometric measurements of absorbance in June 2010. Three  replicas for 
each aquarium 
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Alamar Blue Absorbance measures - September 2010 
Time   T1 T2 T3 T4 T5 
Wavelength 570 600 570 600 570 600 570 600 570 600 
control 1.01 0.759 1.050 0.786 1.026 0.855 0.840 0.829 0.790 0.778 0.726 
  1.02 0.755 1.052 0.810 1.061 0.838 0.882 0.839 0.812 0.822 0.765 
  1.03 0.757 1.035 0.779 1.014 0.797 0.819 0.785 0.758 0.763 0.716 
  1.04 0.763 1.061 0.781 1.036 0.816 0.838 0.752 0.774 0.680 0.691 
  1.05 0.782 1.070 0.806 1.041 0.882 0.839 0.913 0.845 0.844 0.745 
interm. 2.01 0.769 1.007 0.809 0.966 0.822 0.693 0.775 0.665 0.682 0.583 
  2.02 0.772 1.052 0.810 1.035 0.898 0.790 0.839 0.743 0.808 0.688 
  2.03 0.776 1.079 0.798 1.056 0.857 0.890 0.841 0.841 0.817 0.784 
  2.04 0.756 0.987 0.807 0.945 0.860 0.672 0.818 0.622 0.745 0.563 
  2.05 0.770 1.008 0.824 0.927 0.881 0.657 0.824 0.574 0.796 0.493 
acidic 3.01 0.770 1.017 0.829 0.954 0.885 0.734 0.856 0.673 0.820 0.598 
  3.02 0.766 1.000 0.819 0.942 0.891 0.686 0.830 0.628 0.760 0.558 
  3.03 0.751 1.011 0.786 0.984 0.906 0.705 0.829 0.664 0.777 0.616 
  3.04 0.762 1.065 0.788 1.050 0.863 0.883 0.843 0.838 0.837 0.784 
  3.05 0.759 1.067 0.805 1.025 0.795 0.879 0.743 0.798 0.682 0.714 
S. W. WHITE 0.753 1.103 0.772 1.128 0.757 1.104 0.760 1.109 0.758 1.107 
 
Table 3:. Spectrophotometric measurements of absorbance in September 2010.  
Five replicas for each aquarium 
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Alamar Blue Absorbance measurements - December 
2010 
Time   T1 T2 T3 T4 T5 
Wavelength 570 600 570 600 570 600 570 600 570 600 
control 1.01 0.610 0.898 0.641 0.822 0.679 0.698 0.648 0.639 0.569 0.544 
  1.02 0.584 0.852 0.644 0.776 0.677 0.560 0.611 0.505 0.494 0.403 
  1.03 0.581 0.848 0.629 0.776 0.714 0.583 0.661 0.543 0.558 0.451 
  1.04 0.583 0.863 0.622 0.793 0.652 0.655 0.606 0.599 0.500 0.489 
  1.05 0.596 0.859 0.650 0.763 0.718 0.544 0.682 0.504 0.600 0.426 
Interm. 2.01 0.626 0.894 0.674 0.774 0.728 0.512 0.729 0.473 0.629 0.370 
  2.02 0.595 0.876 0.655 0.828 0.667 0.652 0.643 0.608 0.594 0.528 
  2.03 0.541 0.787 0.606 0.717 0.634 0.489 0.641 0.462 0.552 0.368 
  2.04 0.628 0.913 0.672 0.811 0.745 0.579 0.675 0.518 0.556 0.418 
  2.05 0.619 0.898 0.725 0.809 0.726 0.530 0.715 0.503 0.601 0.402 
Acidic 3.01 0.616 0.897 0.695 0.820 0.770 0.546 0.665 0.480 0.548 0.387 
  3.02 0.588 0.861 0.619 0.773 0.685 0.563 0.610 0.499 0.532 0.442 
  3.03 0.546 0.799 0.610 0.695 0.707 0.403 0.671 0.383 0.545 0.280 
  3.04 0.610 0.900 0.680 0.816 0.717 0.561 0.718 0.563 0.585 0.426 
  3.05 0.626 0.918 0.644 0.819 0.722 0.646 0.687 0.577 0.618 0.485 
S. W. WHITE 0.640 0.973 0.674 0.965 0.674 0.965 0.689 0.998 0.658 0.974 
Table 4: Spectrophotometric measurements of absorbance in December 2010. 
Five replicas for each aquarium. 
 
 
Measures of Absorbance (Table 2, 3 and 4) were used to calculate the percentage of 
reduction of Alamar Blue, following the assay manual (Biosource).  The percentage of 
reduction is summarized in Tables 5, 6 and 7.  Figures 4, 5 and 6 represent the mean and 
standard error for each experiment. 
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Percentile reduction of Alamar Blue - June 2010 
Time Sample T1 T2 T3 T4 T5 
control 1.01 2.277 7.079 26.645 26.245 26.670 
  1.02 3.086 8.931 26.441 26.795 26.819 
  1.03 1.530 5.286 18.239 19.788 21.488 
Interm. 2.01 2.251 8.442 33.209 34.134 34.192 
  2.02 2.132 7.916 31.041 32.787 35.665 
  2.03 1.852 6.968 29.069 30.752 33.727 
Acidic 3.01 2.753 9.519 31.995 31.188 33.201 
  3.02 1.832 7.469 27.034 25.036 25.386 
  3.03 1.810 7.194 31.349 32.037 35.004 
S. W. WHITE -1.547 6.059 -0.715 -0.436 -0.162 
Table 5. Reduction percentile of AB - June 2010 
 
Percentile reduction of Alamar Blue - September 2010 
Time Sample T1 T2 T3 T4 T5 
control 1.01 2.715 5.759 20.237 20.752 20.279 
  1.02 2.323 5.754 16.892 20.380 21.529 
  1.03 3.321 5.848 17.061 19.155 19.688 
  1.04 2.455 4.911 17.494 15.962 14.904 
  1.05 3.390 6.450 22.255 24.105 24.128 
interm. 2.01 5.601 10.342 25.198 23.069 20.446 
  2.02 3.563 7.029 25.878 23.823 24.359 
  2.03 2.501 5.143 17.877 19.079 20.216 
  2.04 5.655 11.229 29.021 28.335 26.026 
  2.05 5.623 13.325 31.304 31.165 33.232 
acidic 3.01 5.172 12.358 27.736 28.549 29.730 
  3.02 5.733 12.233 30.579 28.907 27.367 
  3.03 4.087 7.818 30.721 27.038 25.704 
  3.04 2.181 4.724 18.665 19.374 21.670 
  3.05 1.862 7.163 13.908 14.112 13.900 
S. W. WHITE -0.381 -0.243 -0.139 -0.170 -0.216 
Table 6: Reduction percentile of AB – September 2010 
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Percentile reduction of Alamar Blue - December 2010 
Time   T1 T2 T3 T4 T5 
control 1.01 -0.602 6.343 16.635 16.843 16.102 
  1.02 -0.138 9.234 24.390 21.290 17.912 
  1.03 -0.159 7.981 26.160 23.217 20.471 
  1.04 -0.845 6.421 16.849 15.673 13.527 
  1.05 0.455 10.481 28.733 27.074 25.357 
Interm. 2.01 0.945 11.854 31.405 32.586 30.929 
  2.02 -0.592 7.167 18.274 18.159 19.074 
  2.03 0.000 9.448 24.875 26.096 24.686 
  2.04 0.032 9.563 28.979 25.733 22.179 
  2.05 0.140 14.104 30.205 29.793 26.802 
Acidic 3.01 -0.050 10.967 32.961 27.034 23.278 
  3.02 -0.319 7.318 24.886 21.542 18.836 
  3.03 -0.268 11.045 35.909 32.898 29.102 
  3.04 -0.715 9.944 27.674 26.707 24.119 
  3.05 -0.416 6.765 23.211 23.429 23.495 
S. W. WHITE -2.380 0.889 0.889 0.239 -0.953 
Table 7: Reduction percentile of AB – December 2010 
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Figure 4:  Alamar Blue Reduction: Means and standard error in control and treatments 
- June 2010 
 
 
Figure 5: Alamar Blue Reduction: Means and standard error in control and treatments - 
September 2010 
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Figure 6: Alamar Blue Reduction: Means and standard error in control and treatments 
– December 2010 
 
3.3. 3 Statistical analyses 
The Shapiro-Wilk (1965) test confirmed that the data were distributed normally and 
the variances were homogenous according to the Levene test.  The means of each aquarium 
were calculated each time. One-way, Multivariate Analysis of variance (MANOVA) was used 
to test the difference by means. The difference by means was statistically significant in June 
2010 and in September 2010, the p-value in December 2010 was 0.07. The results of the 
statistical analysis are displayed in Table 8. 
 
ONE-WAY 
MANOVA F P Wilk's λ partial ε2 
JUNE 2010 6.50 <0.05 0.03 0.94 
SEPT. 2010 3.51 <0.05 0.10 0.69 
DEC. 2010 2.26 0.07 0.17 0.59 
Table 8: Results of multivariate analysis of variance. 
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3.4 Discussion:  
Alamar Blue is commonly used in microbiology to detect growth of cell-lines in 
cultures (Al-Nasiry et al., 2007). According to Mizuta (1997) Alamar Blue was a sufficient 
indicator of the growth and survival of crustose coralline algae, giving information even on the 
biomass.  Given the fact that high pCO2 adversely influences the calcification and growth of 
coralline algae (Agegian, 1985; Gao et al,. 1993; Anthony et al., 2008; Hall Spencer et al., 
2008; Jokiel et al., 2008; Kuffner et al., 2008; Semesi et al,. 2009b; Gao et al., 2010; Cumani. 
2011; Hofmann et al., 2011), in our perturbation experiments we expected that a higher 
percentage of reduction of Alamar Blue would have occurred in the control condition rather 
than in the treatments. The first time we ran the experiment, we noticed completely different a 
pattern from our expectations (figure 4), as the percentage of reduction was the highest in 
correspondence to the intermediate acidification, immediately followed by high pCO2 
conditions; response of the algae in sea water without acidification was the lowest of all and 
clearly detached from the previous two at times T3, T4 and T5. 
To avoid that such results being due to a bias, the experiment was  repeated with a 
larger number of measurements, from 3 (June 2010) to 5 (September 2010).  The September 
experiment confirmed previous findings (figure 5):  the trend was the same, with the CO2 
treatments showing a higher percentage of reduction and overlapping each other; the control 
aquarium is clearly detached from the treatments, with a lower percentage of reduction.  The 
difference of the means was statistically significant in both experiments (Table 8).  
The experiment was repeated in December 2010, with 5 measurements, with a very 
similar pattern (figure 6); in this case, the p-value of the statistical test (Manova) resulted very 
close to significance (p= 0.07).  The slow reactivity (value of reduction at T1 still close to zero 
for all aquariums) and the rapid decay of Alamar Blue in December (percentage of reduction 
going down from T3 to T5), may suggest that the dye, even if properly stored in a dark and 
cool place, was not in good condition;  the duration is, in fact, limited to 12-18 months.  
Considering the p-value, not far from significance, and the distribution of the data that showed 
the same trend as in the previous experiment, we might reasonably consider that the last 
experiment does not invalidate the previous two.  
Alamar Blue Assay demonstrated that the algae were still alive in all the aquariums, as 
in all the petri-dishes, a reduction was observed, while in sea-water (white) the reduction did 
not occur at all.  A process of acidification lasting a month does not kill the algae.  
Furthermore, the experiments suggested that the REDOX activity was higher if CO2 was 
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added. If the REDOX activity were associated only to cell growth, also other parameters 
regarding cell growth would have shown the same trend.  But this does not seem to be true, as 
experiments carried out on the same species (Cumani, 2011), showed a depression of growth 
and calcification, associated with CO2 increase.  The reduction of Alamar Blue cannot be 
caused by a microbial activity as two large spectrum antibiotics were included in the medium.  
The REDOX activity should be linked to algal metabolism.  
In a very recent work Hofmann (2011) analyzed several physiological parameters, 
including growth, calcification, carbonic anhydrase activity, and photosynthetic activity. 
While growth and calcification followed the predicted inhibition, carbonic anhydrase 
production resulted surprisingly up-regulated, adversely photosynthetic efficiency based on 
oxygen evolution was negatively affected, despite more CO2 was available. Hofmann 
hypothesized that the stimulation of the carbonic anhydrase activity could be an attempt, by 
the algae, to compensate for decreased calcification;  the reduction of photosynthetic 
efficiency could be a consequence of increased cyclic electron flow in the Photosystem I, that 
was deviated to create more ATP.  The increased ATP production could be useful for the 
upregulation of the carbonic anhydrase activity or of the Ca+ ATPase.  This explanation could 
be consistent with our results. Experiments with Alamar Blue may indicate, therefore, that 
algal metabolism is up-regulated in order to compensate reduced calcification.  Similar  
conclusions were drawn in Chapter 1. 
Physiological studies need further work,  because it is not clear yet what mechanism is 
involved in the Alamar Blue Assay applied to coralline algae when subdued to acidification. It 
would be interesting to highlight the role of carbonic anhydrase in calcification and 
photosynthesis under acidification stress.  For this purpose, an inhibitor of carbonic anhydrase 
such as acetazolamide could be used (Larsson et al., 1997).  Acetazolamide selectively inhibits 
only extracellular carbonic anhydrase and was used by Larsson (1997) on green algae. A 
second chance would be to apply genetic methodologies to understand what genes are up-
regulated in coralline exposed to high pCO2.  
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Abstract: 
The reduction in seawater pH (ocean acidification), caused by the gradual increase in 
atmospheric CO2, seems to be a scarcely known phenomenon. With the aim of creating a direct 
link between research and the educational system, an experimental course on ocean acidification 
was offered to middle school students. During the course, students observed the biological 
reaction of coralline algae to ocean acidification and at the same time they learned how to 
approach an environmental problem from a scientific point of view. The scientific literacy was 
measured according to the OCSE PISA standard in a trained group and in an untrained control 
group before and after the course. The trained students reached a significant higher score at the 
end of the school year than the control group. It is widely recognized that an experimental 
approach guarantees better results in learning, but it is not always applicable because of the lack 
of time and limited resources. The live experience with coralline algae at school became a virtual 
lab to give a larger number of students the opportunity to access it: eCO2-School Lab 
(http://dsvs1.units.it/eco2/)  is a free-access, virtual laboratory for students aged 14 to 18 dealing 
with ocean acidification and coralline algae.  
Key words: ocean acidification, education, hands-on experiment, scientific literacy, eCO2 School 
Lab, virtual lab. 
 
(http://dsvs1.units.it/eco2/) 
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4.1 Introduction 
The increasing concentration of CO2 in the atmosphere inevitably produces an increase in the 
partial pressure of CO2 on surface sea water. In this way, the ocean can absorb large amounts of CO2. 
The carbonate system moves to higher rates of CO2 and HCO3
-
, whereas it decreases the concentration 
of ions CO3
2-
 resulting in a lowering of the pH of the sea water. Ocean Acidification is already 
happening (Lucchetta et al., 2010; Dore et al., 2009; Olafsson et al., 2009; Santana-Casiano et al., 
2007; Bates, 2001), and it is likely to intensify in the future: current models predict that the pH of 
surface waters, which now fluctuates on average around a pH of 8.1, depending on the reservoir in 
question, could drop to 7.8 in the year 2100 (Parry et al., 2007). 
The so-called acidification of the oceans is likely to have a big impact on life in the seas and on 
associated biogeochemical processes. The potential effects of carbon dioxide on marine ecosystems are 
not yet sufficiently known (Gao et al., 1993; Langdon, 2002; Riebesell et al., 2010). For these reasons, 
the assessment of the impact of sea water acidification on coastal ecosystems has been recognized as a 
high priority only in the last decade (SCOR-UNESCO, 2004) and is having major success in scientific 
circles where there are numerous, devoted, international research projects. Nevertheless, Ocean 
Acidification seems to be less known by the public than Global Warming (Turley & Boot, 2011), but 
there is a worldwide, web increasing, attention since the publication of the Royal Society Report in 
2005. It is important to share knowledge about ocean acidification with schools and the younger 
generation (Turley & Boot, 2011). Many resources have been developed for schools around the world 
which produce educational projects with a strong scientist-teacher-pupil interaction. Some of them are 
available under the Carboschools (www.carboschools.org) initiative, the EPOCA project (www.epoca-
project.eu), the NOAA Coral Reef Conservation Program at  
http://coralreef.noaa.gov/education/oa/curricula-activities.html  and the Stanford University i2i project 
(http://i2i.stanford.edu) that includes a virtual lab on ocean acidification and sea-urchins,  and a carbon 
footprint calculator (Fauville et al., 2011)  
At the University of Trieste, Department of Life Sciences, our Research Unit has been working 
on biological responses to ocean acidification since 2008 (Cumani et al., 2009), when a laboratory 
culture system was built in order to check effects of increased CO2 on reproduction of Coralline algae. 
The reproducibility and reliability of the results obtained so far in the laboratory, as well as the 
presence in our group of specific skills related to the world of education, represented an opportunity to 
develop an experimental tool to introduce Ocean Acidification in the school curricula.  A partnership 
with a middle school in Trieste, the “Istituto Comprensivo Divisione Julia” was established for the 
school year 2009-2010, where an experimental course on global climate change and ocean acidification 
was offered to 14-year old pupils. The course represented an opportunity to evaluate the teaching 
methodology. It was formerly projected as a teaching experiment, with the aim of introducing the 
subject of ocean acidification into Italian school–curricula, but, as things sometimes become bigger as 
they go along, it has became a virtual laboratory. The virtual laboratory is now freely available at 
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http://dsvs1.units.it/eco2/ , the site of Life Sciences Department of University of Trieste, and has 
been released also in a CD version, which is enclosed at the end of this chapter.   
  
4.2 Objectives. 
Since preliminary results (Cumani et al., 2010) suggested that the increase of carbon dioxide 
dissolved in water and the consequent lowering of pH adversely affect the production, the survival and 
development of spores in the coralline algae Lithophyllum incrustans Philippi, the objectives of this 
work were defined as follows:  
 Feasibility: to check if it was possible to carry out at school experiments on the common 
encrusting species L. incrustans (figure 1), that had already been carried out in the laboratory 
at University (paragraph 4.2.1). 
 Scientific literacy: to check the hypothesis that the application of methods and tools proper of 
science (e.g. experimental approach), in teaching at school, fosters results obtained by students 
in science. (paragraph 4.2.2) 
 Virtual Lab: to reproduce the experiment in a virtual lab that can be shown on-line, in order to  
enlarge the number of students that may have access to it. (paragraph 4.2.3) 
 
Figure 1: Lithophyllum incrustans samples used for the cultivation at school 
(Photo by F. Bradassi) 
4.3  Work structure 
4.3.1 The feasibility of the experiment at school:  
4.3.1.1 Material and methods. 
A course for middle school students was designed. The course aimed to make kids an active 
part in the conservation of local ecosystems, in line with the Italian school curriculum (Ministero della 
Pubblica Istruzione, 2007), that covers the protection of the environment among the subjects to be 
studied. The theme “Global climate change” is a topical and complex subject that offers the 
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opportunity of developing cognitive skills in students such as grasping relations, collecting data, 
checking and processing results, using the appropriate language of mathematics / statistics.  
The course for pupils of the third class of secondary school level, was divided into lectures in the 
classroom, to introduce the subject and build up the prerequisites, and experimental work.  In the 
experiment, crustose coralline algae known as an indicator of environmental quality, were used to 
observe biological responses to environmental changes (Bradassi et al. 2010).  Students observed spore 
production by L. incrustans under control and high CO2 conditions. A simplified protocol of Cumani 
(2011) was adapted to the  school laboratory. 
Lectures: 16 lectures were held on diverse topics (the Gulf of Trieste; physics and chemistry of 
seawater; instruments and methods used in oceanography;  reading charts of data; local coastal 
habitats; major local plant and animal; coralline algae, Global Climate Change: the IPCC notes; Ocean 
Acidification).  Lessons were held outside school time, and were distributed throughout the school 
year. An inductive approach (bottom-up strategy) was adopted for teaching: - starting from the 
experimental data observed in the microcosm (aquarium) - matching the data with the knowledge 
gained in the marine environment of the Gulf of Trieste - via a modeling process capable of 
understanding the functioning of a complex system (Randler & Bogner, 2009), that is an ecosystem, 
and understanding the possible effects of global climate change on a local scale.  
Laboratory: two 22 liter-aquariums (figure 2), equipped with a pump for water movement and chrono-
regulated lighting (12 hours light and 12 hours of darkness); a system for the bubbling of carbon 
dioxide, regulated by a pH-meter connected to an electronvalve with negative feedback (Milwaukee); a 
bottle of carbon dioxide; a centigrade thermometer; microscopy slides; an optical microscope 
(KONUS); sea water. The temperature was not controlled (temperature  of the room 21°C). 
 
 
Figure 2: aquariums used at school (photo by F. Bradassi) 
 
Experiment: Adult specimens of L. incrustans were collected by free diving to a depth of 3-4 meters at 
the seafront of the Trieste riviera, (45 ° 41 '21.79''N, 13 ° 44' 32.07 ''E). Samples were immediately 
brought to school, where the laboratory had been previously set up.  In the first aquarium, (control) 
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culture conditions were kept as similar as possible to natural ones. In the second aquarium, 
acidification was obtained by bubbling CO2 up to the preset value of pH (7.8). This value corresponds 
to the value predicted by the end of the century by the IPCC (Parry et al., 2007) , the same proposed by 
Cumani (2011) in his experiments with L. incrustans. On reaching the pH target, the flow of CO2 was 
interrupted by a negative feedback control obtained with the electron valve connected to the meter. The 
adult algae were treated following Cumani‟s protocol (2011), (smooth thermal shock; soft cleaning 
with a paint brush) and placed on 10 labeled microscopy slides in each aquarium. 48 hours after 
insemination, students took a census of the number of spores and young thalli present on each slide 
(figure 3), by direct counts under the optic microscope (Konus, 10X magnification). During the culture, 
physical-chemical data relevant to the growth of algae were regularly monitored, namely: pH, 
temperature, nitrites, nitrates, phosphates, hardness and the concentration of calcium and magnesium 
dissolved in water. The pH was monitored with a pH meter and with a test for aquaria, the temperature 
was measured with a thermometer and a thermocouple probe DB2 Texas Instruments, the chemical 
parameters (nitrites, nitrates, phosphates, hardness and the concentration of calcium and magnesium 
dissolved in water) were measured using specific tests for the aquarium (Red Sea Marine Aquarium 
Test). The data were collected and tabulated in tables with Windows Excel and plotted by graphs. 
 
 
 
Figure 3: young thallus of L. incrustans 
Photo by F. Bradassi 
 
The experiment was repeated twice during the year, in December 2009 and April 2010. Each 
cycle of experimentation lasted two weeks, during which the students were given the shift in the 
management of the laboratory. In the Lab, students worked in small groups of three at a time, for a total 
of 42 workshops of teaching units (to ensure that each student had at least six hours of actual 
laboratory).  
60 µm 
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Peer education: The students who participated have, since then, involved classmates in their own 
experience, presenting them with the results they got (peer education). 4 hours were used in 
presentations.  
A total of 52 hours of teaching was invested in the course. 
 4.3.1.2. Results  
During both experiments, spores were produced in the aquariums. In December 2009, students 
counted 167 young thalli in the control aquarium and 60 in the acidic one.  In April 2010, 1094 thalli 
were counted in the control tank and 217 in the acidic one.  In both experiments, there was a reduction 
in the number of spores produced by individuals treated with CO2 with respect to  the pool of control 
(figure 4). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Results of censuses conducted by the students. 
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4.3.2. Evaluation of the Scientific Literacy reached by students. 
One of the aims of the present work was to check if the application of methods and tools proper 
to science (e.g. experimental approach) gives better results in teaching than more traditional lessons. 
To achieve this specific purpose, the project included the assessment of the scientific literacy of 
students. The framework adopted for the definition of scientific skills and abilities to be evaluated was 
that specified by OECD - PISA 2006 objectives of scientific literacy (OECD 1999, 2006, 2007a, 
2007b). OECD-PISA 2006 tests were used to give a score. The Program for International Student 
Assessment (PISA)  is a system of international assessments that measures 15-year-olds‟ performance 
in reading literacy, mathematics  literacy and science literacy every 3 years (Baldi et al., 2007). It is 
sponsored by the Organization for Economic Cooperation and Development (OECD), an 
intergovernmental organization of 30 member countries.  PISA was first implemented in 2000.  The 
OECD PISA TEST 2006 (OECD, 2007a,b) is built to evaluate scientific literacy, which is not the 
knowledge of a specific subject, but a more complex idea. PISA provides a unique and complementary 
perspective into these studies by not focusing explicitly on curricular outcomes, but on the application 
of knowledge in reading, mathematics, and science to problems with a real-life context (OECD 1999).  
The framework for each subject area is based on concepts, processes, and situations or contexts (OECD 
2006). For example, for science literacy, the concepts included are physics, chemistry, biological 
sciences, and earth and space sciences.  The processes are centered on the ability to acquire, interpret, 
and act on evidence such as describing scientific phenomena and interpreting scientific evidence. The 
situations or contexts are those (either personal or educational) in which students might encounter 
scientific concepts and processes.  Assessment items are then developed on the basis of these 
descriptions. 
4.3.2.1  Material and methods. 
Assessment in this work was carried out with the administration of the tests described above. 
Two groups of 21 students each were formed. To form the groups, three students, randomly chosen 
from all the seven 3
rd
 classes of the school (approx. 150 students), were offered to join the project, 
whereas other three students were taken from each class to form the control group.  The OCSE PISA 
tests were simplified mainly in the language, as OECD PISA 2006 tests are written for older students; 
each answer was given a score. OECD – PISA 2006 standards are in line with the National Italian 
Guidelines for Curriculum, issued by the Ministry of Education, University and Research in 2007 
(Ministero della Pubblica Istruzione, 2007).  The tests were given at the beginning of the school year 
(October 2009), and at the end (May 2010), to estimate previous skills and knowledge and 
homogeneity between the two tested groups.  A Mann Whitney U – test was applied to the mean (of the 
scores) to test homogeneity between the two groups in October 2009, and May 2010.  A paired 
Wilcoxon test was used to test the difference within the same group, October 2009 versus May 2010. A 
statistical analysis was run with SPSS statistics.  
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4.3.2.2  Result of evaluation of Scientific Literacy 
At the end of the year the group that had participated in the course (trained group) scored 
significantly higher than the control group (Mann-Whitney U test, U = 175.500, df= 42;  p = 0.003), 
while at the beginning of the school year the results of the two groups were not significantly different 
(Mann-Whitney U test; U = 104.000; df=42; p = 0.262). The growth of the trained group in May versus 
October was significant (Paired Wilcoxon test, p= 0.002), while the growth of the control group was 
non significant (Paired Wilcoxon test, p= 0.323). Results are resumed in figure n. 5. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: results of the test; T0 = October 2009; T1 = May 2010. 
(Max score achievable was 60) 
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 4.3.3 The virtual lab: eCO2 School Lab   
 The experimental approach is widely recognized to be the most effective method in 
science teaching, but lack of time and funds sometimes prevents it being applied.  The eCO2 
School Lab is a virtual interactive laboratory for students from K8 to K12 (National Academy 
of Sciences, 1996) dealing with the Ocean Acidification Problem.  The eCO2 School Lab has 
been developed from the live experience at school and is available in Italian and English at the 
site http://dsvs1.units.it/eco2/ .  The  eCO2 School Lab is offered to meet the needs of 
experimental teaching of science, with low time and fund investments. It represents a way of 
increasing the number of students that can benefit from the laboratory.  The eCO2 School Lab 
was realized in collaboration with the University of Gothenburg, that cooperates with Stanford 
University in the I2I Project.  
The eCO2 School Lab offers three virtual perturbation experiments based on the reaction of 
calcareous red algae (Corallinaceae – Rhodophyta) in a high CO2–world. Students handle two 
virtual aquariums: the first represents actual conditions, the second, IPCC forecasted 
conditions for the year 2100, taking several measurements of the algal growth and 
development. The Lab is supported by a large iconography, most of which has been collected 
during the Ph.D. studentship, and by short videos realized ad hoc; a multi-media  miniWiki is 
available, where students can easily find all the information they may need. 
The eCO2 School Lab is based on team-work: even though it can be played individually, the 
real aim is to stimulate discussion about Ocean Acidification and its impact on marine 
ecosystems. The teacher, whose leading role remains fundamental, can tailor the experience to 
his/her class level and on demand.  The eCO2 School Lab is divided into 3 steps (figure 6): 
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Figure 6: Structure of the eCO2-School Lab. 
 
STEP 1: PREPARATION.  This is the so-called Why – What – How section. The problem 
of Ocean Acidification is briefly introduced in “WHY are we doing this lab?”. “WHAT are we 
using to run the lab?” contains essential information on calcareous red algae handled in the 
experiments.  The “HOW can we run the experiment?” refers to technical instructions. 
By clicking on some words written in red, or on buttons, further explanations become 
available in the form of short texts, images or diagrams. The information contained in this part 
is very concise and should offer the student all the prerequisites he/she needs to run the lab. 
In this section, the student virtually prepares the Lab, and truly prints a “working pad” (.pdf 
version ready to be printed) that will be used during the experiment.  The working pad is a 
guided sheet on which the student hand writes the results he/she gets. 
STEP 2: LABORATORIES. Step 2 takes the student into the virtual Lab, where there are 
two aquariums: one with normal sea-water (control), with a pH of 8.1, the other with a lower 
pH (7.8), where acidification is obtained with CO2 bubbling. The chosen pH value is that 
predicted for the year 2100 by IPCC (SRES Scenario, IPCC 2007). The calcareous red alga L. 
incrustans Philippi (Corallinaceae – Rhodophyta) is cultivated in the two aquariums. Adult 
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algae, if properly treated, releases spores onto microscopy slides.  The observation of the 
spores is conducted under a virtual microscope. 
Three experiments are available (Figure 7): 
Experiment 1 - Count: the student takes 5 microscopy slides (from 10 available) from the first 
aquarium (control) places them under the microscope and counts the spores; and then he/she 
repeats and compares results with the acidic aquarium (Figure 8 and 9).  Experiment 1 is very 
simple and can be run by students age 14-15. 
Experiment 2 - Mortality: after 4 virtual weeks the student repeats the count and calculates 
the mortality (the working pad helps him/her to do that). He/she then compares results. 
Experiment 2 must follow experiment 1 and needs more time and higher skills. 
Experiment 3 - Biomass increase: the student takes the measurement of the diameter of the 
young algae growing on the microscopy slides (three slides for each aquarium) at the 
beginning and after 4 virtual weeks, calculates the mean and discusses results. Experiment 3 
can be run independently from the other two and is dedicated to more advanced students. 
 
 
 
Figure 7: Experiments 
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Figure 8: Microscopy slides 
 
 
Figure 9: Under the Microscope 
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STEP 3: REWORKING. Reworking is only partially guided. We imagined it a group work 
led by the teacher. Each student will get slightly different data as he/she chooses 5 slides 
randomly, from the 10 available in experiment 1 and 2, and takes 3 in the last experiment.  
Students can use it as it is, or the teacher can decide to gather all the data into one database and 
use it to explain some basic statistical concepts like sample/population, mean, median, 
standard deviation or else; the teacher can let the students make some graphs or plots. 
We suggest splitting the students into small groups (of three or four students) where they can 
elaborate the data and try to answer the three following questions (see Fig. 10). 
 
 
Figure 10: Group discussion 
 
Each group writes down the answers. Then all the groups discuss the subject, comparing the 
results and what they wrote. It‟s an opportunity to share ideas, take a role, express a personal 
opinion. If group work is not desired, the working pad can reproduce the questions and the 
student can be asked to perform the exercise on his/her own. After that, the same questions 
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discussed by the class (or that each student answered by her/his own), are then tackled from a 
scientific point of view. The “scientist” answers the same questions. 
In the last part, after the discussion, there are some links to other sites on ocean acidification.  
Some of them bring further knowledge to the problem, but some of them, like 
http://footprint.stanford.edu/, offer practical solutions, suggesting what everybody can do to 
reduce the amount of CO2 discharged into the atmosphere. 
 EVALUATION The evaluation of each student belongs to the teacher‟s sphere of 
competence, but the eCO2 School Lab helps the teacher with this decision: two documents can 
be evaluated, the printed version of the “working pad”, which probes how the student worked 
in the lab, and a final test, run directly by the software. 
As a general standard for evaluation, we took into account the Scientific Literacy as expressed 
by the OECD PISA, (Baldi et al., 2007; OECD, 2007,a,b), in order to produce a tool that 
would be as internationally relevant as possible. We referred to USA‟s K levels to calibrate the 
tests (National Academie of Sciences, 1996). 
The final test is made of 20 items, most of which sport multiple choices; the choice is usually 
among 4 alternatives, if the question is related to “knowledge to be acquired” or, between two 
alternatives if the question is related to “a process to be understood”. Two items are of the “fill 
in” type, and in one item, actions must be put in proper order.  The student can skip the 
question if not sure of the answer and come back to it later.  Once he/she makes a choice, the 
answer cannot be changed. Every item gives a score. Wrong answers do not penalize the 
score. Tests differ according to age. Test Key 8 (Age 14) is for the younger student, Test Key 
10 (age 16) is for advanced students, test Key 12 (age 18) uses a more technical language and 
refers to all experiments  
The test gives immediately: 
 • Score 
 • Correct Questions (number) 
 • Accuracy % (Student Score/ Max Score*100) 
 • Number of quiz attempts 
The test is passed if the accuracy is: 
60% for K8 
65% for K10 
70% for K12 
If the test is passed, a certificate can be printed. 
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4.4 Discussion. 
Results obtained suggest that the course held at school provided the correct intuition to 
give an answer to the former two questions.  In terms of feasibility, the experiment was 
successful, as experiments repeated twice at school gave the same results obtained at 
University, in a much more controlled and “scientific” environment. In terms of teaching 
methodology, the students participating in the course reached an higher score than the control 
group with respect to OECD PISA standards for scientific literacy. Even if the two groups, the 
trained and untrained ones, were homogeneous at the beginning, at the end of the school year 
the trained group reached an higher score.  But at the same time, resources invested in the 
course were high. The experiment needed some equipment, like the aquariums, the pH meter, 
and all the laboratory material which is not very expensive, but certainly too expensive for the 
schools‟ budget.   On the other hand, the amount of hours invested for the preparation, lessons 
and laboratory was high. The number of students involved does not justify the amount of 
resources spent; furthermore, the teachers, if not helped by specialists, would not be able to 
carry on sampling and experiments on their own. The real experience of the Ocean 
Acidification Laboratory will probably not be repeated on a large scale at school, even though 
results in terms of scientific literacy clearly indicate that experimental approach is the best 
option for teaching science at school.  
A virtual lab is not like a live experience, but it is a valid alternative when budget and 
time-limits compel the teacher to give up doing experiments.  The virtual lab eCO2 School Lab 
represents a new tool for teaching.  Laboratory experience is critical for understanding 
science; lectures and readings do not adequately convey scientific process (Singer et al., 
2005).  Computer-based virtual activities, that simulate (and ideally complement) real lab 
experiments, give the student  the flavour of the actual experience. The labs we have 
developed are become more relevant (Hines et al., 2009), as the students repeat actual 
experiments on environmental problems, including acquisition and analysis of real data. The 
critical thinking dimension is provided by teacher-directed (and scientist validated) analysis of 
the data and internet contents. The web is full of facts about the environment, but this 
information does not necessarily lead to constructive action since this media often presents 
contradictory views, even on issues that have a broad consensus in the scientific community 
(Boykoff & Boykoff, 2004; Hart, 2007). Making  use of resources that are available in the 
digital world, evaluating the source of this information, and learning to assess, apparently 
conflicting views, is a critical part of the learning process. Peer discussion, stimulated by the 
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lab, is also a crucial point in the learning process, as it can have an influence on motivation in 
learning. Guided discussions can help in forming actual behaviorial patterns that students 
might consciously adopt.   
The virtual lab was completed a few months ago. Some international collaborations 
have already been established with the University of Gothenburg and with the Plymouth 
Marine Laboratory PML (UK),  who asked for 100 CDs to be distributed with their DVDs on 
Ocean Acidification. A future task will consist in advertizing the virtual Lab in Italy and 
abroad.  A second step will be to evaluate the results that a virtual lab can give and  compare 
them to a live laboratory experience  
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Results demonstrate that Phymatolithon lenormandii (Areschoug) Adey is highly 
sensitive to small pH changes during reproduction. Optimal germination dynamics, thalli 
survival and normal development were observed in control conditions and pH changes as 
small as a pHTS=-0.1 unit were enough to induce delay in germination time, increased 
mortality and number of abnormal thalli. No clear physiological tipping point was identified 
within the tested pH range and rather a linear relationship was observed between decreased pH 
and decreased performance in this species. Even though one has to be careful as differences in 
experimental design and ecology should be considered, experiments carried out on P.  
lenormandii  in Kristineberg confirm the results obtainted by Cumani (2011) on reproduction 
and early development of Lithophyllum incrustans Philippi in the gulf of Trieste. Confocal 
microscopy with Calcein labeling highlighted that high pCO2 severely impacted the building 
of the mineralized cell wall in both species, but P.lenormandii preserved the capacity to recruit 
under high pCO2 (fig.  9,  pg. 33), whereas L.incrustans did not (Cumani, 2011, Cumani et al., 
2012). The difference in sensitivity could be related to genetic, environmental and ecological 
features of the two species and needs further studies. 
Resilience to acidification was checked in juveniles of Hydrolithon boreale (Foslie) 
Y.M. Chamberlain and of L. incrustans. One month old thalli were reintroduced in the natural 
environment, after insemination and exposure to high and middle pCO2: in H.boreale no clear 
threshold was identified as the biologic response obtained under middle acidification treatment 
appeared to be intermediate from the response of the most acidic one. Resilience seemed to be 
strongly influenced by temperature, and recovery was higher in summer rather than in winter. 
In L. incrustans sesonality seemed not to be the discriminant factor in recovery. This species 
was more resilient up to the pH value of 8.0, since biological response under middle 
acidification was closer to the control more likely than to the acidic one. A threshold of 
tolerance for L. incrustans could therefore be considered closer to a pH value of 7.8 rather 
than 8.0.  
Experiments on viability of L. incrustans, performed with Alamar Blue indicated 
higher metabolism in adult thalli raised under middle (pCO2 533 ± 26 atm) and high pCO2 
(pCO2 533 ± 27 atm) scenarios rather than in the control. Energy balance is a key factor 
explaining and modulating species response to low pH (Thomsen et al., 2010, Pörtner et al., 
2010; Pörtner et al., 2008). It is likely that the increased dissolution at low pH and allowing 
maintaining growth performance is associated with significant increased energy costs, with 
enhanced respiration, partially compensated by photosynthesis (Hofmann et al., 2011). If our 
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interpretation is correct, they could then have negative impacts on other processes with 
potential negative consequences on survival and competitiveness.   
To conclude, although our experiments considered only one stressor (pCO2), time was 
short and did not take into account natural variability or acclimation, our findings appear to be 
consistent with those obtained by other authors (Antony et al., 2008; Hall-Spencer et al., 2008;  
Jokiel et al., 2008; Kuffner et al., 2008; Martin et al., 2008; Ries et al. 2009; Cumani et al. 
2010; Andersson et al., 2011; Büdenbender et al. 2011; Cumani, 2011; Hofmann et al., 2011; 
Porzio et al., 2011) and results indicate that several aspects of the physiology of the coralline 
algae could be significantly affected by near future ocean acidification.  
Although further work is needed to better understand the response of a broader number 
of species, the resilience of crustose coralline algae to ocean acidification, especially in 
juveniles, seems to be multifactorial and species-specific. There is not a clear evidence of a 
common threshold of tolerance valid in all the species considered: in P.lenormandii and 
H.boreale even small changes in pH can raise a detectable response, while L.incrustans seems 
to be initially more resilient, but then, as pCO2 increases, it could be more drastically affected. 
Differences in response could rely on the structural anatomy:  in juveniles of P.lernormandii 
and of thin layered H.boreale  meristematic cells are allocated in the margin of the thallus, 
while L.incrustans growths in thickness from the first cell divisions (Irvine & Chamberlain, 
1994; Bressan & Babbini, 2003). Differences could relay also on the different ecological 
adaptation: P. lenormandii can be considered a pioneer species, that can stand extreme 
conditions as low salinity (Irvine & Chamberlain, 1994) and a wide range of light conditions, 
H. boreale is cosmopolitan (Bressan & Babbini, 1996) and “fast” growing (compared to other 
coralline),  L. incrustans, although widely distributed in latitude and depth (Circumboreal, 
midlittoral and sublittoral, Bressan & Babbini, 1996) growths healthy if exposed to currents 
and oxygenated waters.   
As coralline algae are likely to be among the first taxa that will face a crisis within the 
next century, and considering the habitat forming ecological role that these group of calcifiers 
plays (Martin et al., 2006), especially in the Mediterranean (Bressan et al., 2001), it is 
fundamental to continue research in the field, in order to include coralline algae in any attempt 
to forecast future benthic ecosystems transition due to ocean acidification.    
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I 
 
ASSEMBLE  Project  "Determining a threshold in Ocean Acidification 
effects on early reproductive stages in calcareous red algae (Corallinales)”  
by  Sven Lovén Centre for Marine Biology 
 
Access to Sven Lovén Centre for Marine Biology, Kristineberg, has been possible thanks to 
funding from the European consortium ASSEMBLE (European Framework Program 7, grant 
agreement no. 227799) to the project  "Determining a threshold in Ocean Acidification effects 
on early reproductive stages in calcareous red algae (Corallinales)”. 
The marine station, associated to the consortium ASSEMBLE (ASSociation of European 
Marine Biological LaboratoriEs) belongs to University of Gothenburg and is situated in the 
northern part of the Swedish west coast (the eastern Skagerrak). Kristineberg is located at the 
mouth of the Gullmar fjord, with easy access to coastal habitats and open sea. The station was 
founded in 1877, as one of the oldest marine stations for education and research in the world. 
It has a long tradition of welcoming visiting researchers, especially in the field of Marine 
Zoology.  
The Gullmar fjord is 30 km long with a maximum depth of 118 m. Key features that makes 
this an important marine environment are  
(i) the excellent water quality with three rather distinct water-masses; 1) surface water 
of varying salinity depending on the mixture of local runoff, water from the Baltic 
and Kattegat/Skagerrak surface water, 2) inter-mediate layer dominated by 
Skagerrak surface water and 3) high saline bottom water from the North Sea at 
greater depths,  
(ii) a large number of different habitats including steep rocks, deep basin sediments, 
sand and mud flats, sea grass beds, and exposed and protected shores, resulting in  
(iii) a very high biodiversity. Scientific studies have taken place in the Gullmar fjord 
since the 1830s, therefore the fjord is now well documented. The Gullmar fjord is a 
nature reserve, since 1983, as well as a EU BIOMARE reference area. 
Sampling for the project has been one of the most challenging aspects, as at the moment there 
isn‟t any group of algologists working at Kristineberg, therefore it had been impossible to state 
which species of Corallinales were present, before being at the station.  Sampling was realized 
by free-diving and dredging in the fjord, following indication given by Suneson (1943), who 
had been working on coralline algae at Kristineberg 70 years ago. Phymatolithon lenormandii 
(Areschoug) Adey resulted to be the most common species in shallow waters, probably due to 
low salinity of the surface water mass. Corallina officinalis L. was also quite common. Other 
species were present, but not all of them have been identified. Some samples of P.lenormandii 
and Lithothamnion glaciale Kjelmann were brought to Italy, where they have been analyzed 
with SEM Microscopy and Microphotography (Photos by F.Bradassi, G. Bressan and F.Vita). 
Images of P. lenormandii are present in Chapter 1. The following images are of L. glaciale, 
sampled by dredging inside the fjord at 15 meters depth in a locality called Strommärna, 
(Suneson, 1943) which means very strong current. Best samples will be included in the 
collection TSB - Herbarium (Algarium) Universitatis Tergestinae Nova collectio – G. Bressan. 
 
Reference:  
Suneson S. (1943) The structure, life history and taxonomy of the Swedish Corallinaceae. 
Lunds Universitets Ärsskrift N.F. Avd 2 Bd. 39 Nr. 9 
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Lithothamnion glaciale Kjellmann 
 
 
Figure 1: L.glaciale, branches.  
0,5 cm 
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Figure 2: epithallial and subepithallial cells 
 
 
Figure 3: L. glaciale, buried bisporic sporangial conceptacle, strings visible 
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Figure 4: collapsing roof of a conceptacle, seen from above. 
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II 
 
Calculation to determine % of reduction when using Alamar Blue 
(from Alamar Blue Users‟ Manual) 
 
There is a considerable overlap in the absorption spectra of the oxidizedand reduced forms of 
alamarBlue® (figure 1b). When there is no region in which just one component absorbs, it is 
still possible to determine the two substances by making measurements of two wavelengths 
(8). The two components must have different powers of light absorption at some points in the 
spectrum. Since absorbance is directly proportional to the product of the molar extinction 
coefficient and concentration, a pair of simultaneous equations may be obtained from which 
the two unknown concentrations may be determined: 
The key equations to use are (5) and (6), equation 5 for calculating the percent reduction from 
the blue oxidized form and equation 6 for calculating percent difference between treated and 
control cells in cytotoxicity/proliferation experiments. Equations 1-4 are included only for 
completeness of the discussion. Blanking of the plate reader should be done with a well 
containing media only. Table 1 contains the necessary values for solving the equations stated 
above.  
The key equations to use are (5) and (6), equation 5 for calculating the percent reduction from 
the blue oxidized form and equation 6 for calculating percent difference between treated and 
control cells in cytotoxicity/proliferation experiments. Equations 1-4 are included only for 
completeness of the discussion.  
 
 
 
Table 1: Molar Extinction Coefficients for alamar Blue 
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III 
Test used for evaluation of scientific literacy in chapter 4. 
 
Test    n° 1. Acqua potabile 
 
 
 
Domanda 1.1 
È importante avere una riserva di acqua potabile di buona qualità. L’acqua che si trova sottoterra si 
chiama acqua sotterranea.Guardando la figura, in cui viene spiegato come viene depurata l’acqua 
superficiale, fornisci una ragione per cui ci sono meno batteri e particelle inquinanti nelle acque 
sotterranee che nelle acque di superficie, come i fiumi e i laghi.  
Domanda 1.2 
La depurazione dell’acqua prevede spesso varie fasi che richiedono l’uso di tecniche differenti. Il 
processo di depurazione illustrato nella figura prevede quattro fasi (numerate da 1 a 4). Durante la 
seconda fase, l’acqua viene raccolta in una vasca di decantazione.In che modo questa fase 
contribuisce a rendere l’acqua più pulita? 
A. I batteri che sono nell’acqua muoiono. 
B. Un po’ di ossigeno si aggiunge all’acqua. 
C. La sabbia e la ghiaia si depositano sul fondo. 
D. Le sostanze tossiche si decompongono. 
 
Domanda 1.3 
Durante la quarta fase del processo di depurazione, si aggiunge cloro all’acqua. 
Perché si aggiunge cloro all’acqua? 
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Domanda 1.4 
Immagina che gli scienziati incaricati di analizzare l’acqua dell’impianto idrico scoprano che ci sono dei 
batteri pericolosi nell’acqua dopo che è stato completato il processo di depurazione. Che cosa 
dovrebbero fare le persone a casa con questa acqua prima di berla? 
 
Domanda 1.5 
Bere acqua inquinata può causare i seguenti problemi di salute? Fai un cerchio intorno a “Sì” o a “No” 
per ciascuno dei problemi di salute proposti. 
 
Diabete     Sì / No 
 
Diarrea     Sì / No 
 
HIV / AIDS     Sì / No 
 
Domanda 1.6 
Quanto sei interessato/a alle seguenti informazioni? Barra una sola casella per ogni riga. 
Molto Abbastanza Poco Per niente 
a) Sapere come si analizza l’acqua per scoprire 
il livello di contaminazione batterica.      1          2   3       4 
 
b) Imparare di più sui trattamenti chimici 
delle riserve d’acqua.       1          2   3       4 
 
c) Imparare quali malattie vengono trasmesse    1          2   3       4 
attraverso l’acqua che si beve.  
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Test n° 2  La carie 
 
 
 
 
Domanda 2.1 
Qual è il ruolo dei batteri nella carie dentale? 
 
A. I batteri producono lo smalto. 
B. I batteri producono lo zucchero. 
C. I batteri producono i minerali. 
D. I batteri producono l’acido. 
 
Domanda 2.2  
Il seguente grafico illustra il consumo di zucchero e la quantità di carie in diversi paesi. Ciascun paese 
è rappresentato da un pallino sul grafico. 
 
 
Quale fra le seguenti affermazioni è basata sui dati riportati nel grafico? 
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A. In alcuni paesi le persone si lavano i denti più frequentemente che in altri paesi. 
B. Più zucchero si mangia, più c’è il rischio che si carino i denti. 
C. Negli ultimi anni, il tasso di carie è aumentato in molti paesi . 
D. Negli ultimi anni, il consumo di zucchero è aumentato in molti paesi. 
 
 
Domanda 2.3 
Supponiamo che in un paese il numero di denti cariati per persona sia elevato. 
È possibile rispondere alle seguenti domande sulla carie in questo paese con l’aiuto di esperimenti 
scientifici? Fai un cerchio intorno a “Sì” o a “No” per ciascuna delle domande proposte. 
           
Quale sarebbe l’effetto sulla carie se venisse aggiunto 
fluoro all’acqua corrente?         Sì / No 
 
Quanto dovrebbe costare una visita dal dentista?      Sì / No 
 
Domanda 2.4 
Quanto sei interessato/a alle seguenti informazioni? Barra una sola casella per ogni riga. 
 
Molto Abbastanza Poco Per niente 
a) Sapere che aspetto hanno al microscopio     1          2   3       4 
i batteri che provocano la carie.  
b) Saperne di più sulla messa a punto      1          2   3       4 
di un vaccino contro la carie. 
c) Comprendere come anche i cibi senza     1          2   3       4 
zucchero possono provocare la carie.  
  
128 
 
Test n° 3. Salute a rischio? 
 
 
Domanda 3.1 
Il proprietario della fabbrica di prodotti chimici si è servito della dichiarazione rilasciata dagli scienziati 
che lavorano per l’azienda per affermare che «i fumi di scarico della fabbrica non creano rischi per la 
salute degli abitanti del luogo». 
Fornisci un motivo per dubitare che la dichiarazione degli scienziati che lavorano per l’azienda 
confermi l’affermazione del proprietario. 
 
Domanda 3.2 
Gli scienziati che lavorano per i cittadini preoccupati hanno confrontato il numero di bambini fra i 2 e i 
10 anni d’età che soffrono di difficoltà respiratorie croniche nei dintorni della fabbrica di prodotti chimici, 
con il numero di casi osservati nella stessa fascia d’età in una zona a 100 km dalla fabbrica nello 
stesso periodo dell’anno. 
Scegli fra le seguenti ipotesi, una possibile differenza fra le due zone, che ti farebbe ritenere il 
confronto non valido. 
 
  Il numero degli abitanti delle due zone potrebbe non essere lo stesso. 
  Le condizioni meteorologiche potrebbero non essere le stesse. 
  Ci potrebbero essere percentuali diverse di persone anziane nelle due zone. 
  Ci potrebbero essere altri fattori di inquinamento dell’aria nell’altra zona. 
 
 
Domanda 3.3 
Quanto sei interessato/a alle seguenti informazioni? Barra una sola casella per ogni riga. 
 
Molto Abbastanza Poco Per niente 
a) Saperne di più sulla composizione chimica   1          2   3       4 
dei fertilizzanti agricoli.  
 
b) Comprendere che cosa succede ai fumi   1          2   3       4 
tossici emessi nell’atmosfera.  
 
c) Saperne di più sulle malattie respiratorie che 
possono essere provocate dalle emissioni   1          2   3       4 
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di prodotti chimici.  
 
Test n° 4 
 
Lavorare sotto il sole 
Domanda 3.1 
Pietro sta facendo lavori di riparazione ad una vecchia casa. Egli ha lasciato una bottiglia d’acqua, 
alcuni chiodi di metallo e un’asse di legno dentro il bagagliaio della sua auto. Dopo che l’auto è rimasta 
sotto il sole per tre ore, la temperatura interna dell’auto raggiunge circa i 40º C. 
Che cosa succede agli oggetti nell’auto? Fai un cerchio intorno a “Sì” o a “No”per ciascuna delle 
affermazioni proposte. 
 
Tutti gli oggetti hanno la stessa temperatura.    Sì / No 
 
Dopo un po’ di tempo l’acqua comincia a bollire.   Sì / No 
 
Dopo un po’ di tempo i chiodi di metallo 
cominciano a diventare incandescenti.     Sì / No 
 
 
Domanda 3.2 
Per bere durante la giornata, Pietro ha a disposizione una tazza di caffè caldo, ad una temperatura di 
circa 90ºC, ed una tazza di acqua minerale fredda ad una temperatura di circa 5º C. Le tazze sono 
dello stesso materiale e della stessa dimensione ed il volume delle bevande è lo stesso. Pietro lascia 
le tazze appoggiate in una stanza, dove la temperatura è di circa 20º C. Quali saranno con maggiore 
probabilità le temperature del caffè e dell’acqua minerale dopo 10 minuti? 
 
A. 70 ºC caffè e 10 ºC acqua 
 
B. 90 ºC caffè e 5 ºC acqua 
 
C. 70 ºC caffè e 30 ºC acqua 
 
D. 20 ºC caffè e 20 ºC acqua 
 
 
Domanda 3.3 
Quanto sei interessato/a alle seguenti informazioni? 
Barra una sola casella per ogni riga 
 
Molto  Abbastanza      Poco    Per niente 
a) Capire come la forma di una tazza influenza 
la velocità con la quale il caffè si raffredda.    1          2   3       4 
 
b) Conoscere le differenti disposizioni degli atomi 
nel legno, nell’acqua e nell’acciaio.     1          2   3       4 
 
c) Sapere perché dei solidi differenti conducono 
il calore in modo differente.      1          2   3       4 
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FOGLIO DI RACCORDO CODICI TEST E PUNTEGGI ASSEGNATI 
 
        1. ACQUA 
POTABILE     
 
2. LA CARIE     
 DOMANDA CODICE PUNTEGGIO 
 
DOMANDA CODICE PUNTEGGIO 
 1.1 11 8 
 
2.1 1 4 
   12 5 
 
  0 -1 
   13 3 
 
  9 0 
   01 1 
     
  02 1 
 
3. SALUTE A RISCHIO?     
   03 -1 
 
DOMANDA CODICE PUNTEGGIO 
   99 0 
 
3.1 11 8 
       
 
  12 4 
 1.2 1 4 
 
  0 -1 
   0 -1 
 
  9 0 
   9 0 
 
      
       
 
3.2 13 4 
 1.3 1 4 
 
  14 3 
   0 -1 
 
  12 -1 
   9 0 
 
  11 5 
       
 
  0 -1 
 1.4 11 6 
 
  9 0 
   12 4 
     
  01 0 
 
4. LAVORARE SOTTO IL 
SOLE.     
   02 -1 
 
DOMANDA CODICE PUNTEGGIO 
   99 0 
 
4.1 11 6 
 1.5 1 4 
 
  12 4 
   0 -1 
 
  13 2 
   9 0 
 
      
 
    
4.2 1 4 
 
    
  0 -1 
 
    
  9 0 
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IV 
 
Projects, Conferences, Workshops 
 2009-2012 
 
 
Projects: 
 
“Determining a Threshold in Ocean Acidification effects  on early reproductive  stages in 
calcareous red algae (Corallinales) – OAT  -Ocean Acidification Threshold-”, accepted and 
entirely granted by  ASSEMBLE FP 7  - Grant Agreement n. 227799.  
Project Manager and effector, the project was carried out at Sven Lovén Centre for Marine 
Biology, Kristineberg, Sweden 05/02/2011 – 05/06/2011. Local contact: Ph.D. Sam Dupont. 
 
“eCO2 School Lab” granted by Fondazione CRTrieste:  Project manager. The project has been 
realized in collaboration with F. Cumani, R. Riccamboni, G. Bressan, S. Dupont e G. Fauville 
(University of Gothenburg), started in 2010, concluded 2011.  
 
“Ocean acidification effects on reproduction, growth and calcification of Lithophyllum 
incrustans Philippi (Corallinaceae, Rhodophyta)”    accepted  at Elettra Synchrotron Light 
Laboratory Trieste.  96 hours of light beam (X Ray-Microtomography) have been granted. The 
experiment was carried out in October 2011, elaboration of results are still ongoing. In 
collaboration with F. Cumani, S. Kaleb, G. Tromba, N. Sodini e G. Bressan; Project Manager:  
prof. Guido Bressan.  
 
“Impact of global change on the structure and mineralogy of the coralline algae 
(Corallinales, Rodophyta)” –– Synthesis  GB-TAF-2072 - National History Museum London. 
Rejected.  
 
 
Conferences: 
 
2012 
20 – 24 February  2012: Ocean Sciences Meeting. Salt Lake City Utah – USA. Posters:  
Bradassi, F.; Cumani, F.; Riccamboni, R.; Fauville, G.; Dupont, S.; Bressan, G.; eCO2 School Lab: 
a scientific virtual experience for students.  
Cumani, F.; Bradassi, F.; Bressan, G.; Dupont, S.; Application of high resolution imaging 
techniques on coralline algae under ocean acidification: a new perspective.  
 
2011 
26-30  September 2011 - Aberdeen – Scotland - World Conference on Marine Biodiversity 
Oral Presentation: Bradassi, F.; Cumani, F.; Dupont, S.; Bressan, G.: “Impacts of Ocean 
Acidification on early stages of Crustose Coralline Algae: comparison of two geographic areas.”  
Posters: 
Bradassi, F.; Cumani, F.; Riccamboni, R.; Fauville, G.; Dupont, S.; Bressan, G.: “eCO2 School 
Lab: a new virtual tool for science-teaching”  
Kaleb S.; Cumani, F. Bradassi, F; Bressan, G.: “X-ray computed microtomography applied to the 
study of the effects of ocean acidification on growth and calcification of Lithophyllum incrustans 
Philippi (Corallinaceae, Rhodophyta): first results”  
 
4-8 April 2011 – Vienna – Austria - EGU General Assembly. Posters:  
Bradassi, F.; Cumani, F.; Bressan, G.: “Ocean Acidification: a school experiment”  
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Cumani, F.; Bradassi, F.; di Pascoli A., Bressan, G.: “Ocean Acidification effects on growth and 
calcification of Lithophyllum incrustans Philippi /Corallinaecae, Rhodophyta): First Result.”  
 
2010 
2 – 3 December 2010, Trieste: “Variazioni temporali e tendenze nelle caratteristiche 
meteorologiche ed oceanografiche dell‟Adriatico settentrionale: la situazione nel Golfo di Trieste” 
Oral presentation 
Cantoni C.; Luchetta A., Celio M., Cumani F., Cozzi F., Raicich F., Bradassi F., Catalano G.:  
“Ciclo stagionale di pHT e sistema carbonato nel Golfo di Trieste: può essere un sito sensibile 
all‟«Ocean Acidification»?”  
 
10 – 14 May 2010: 39th CIESM Congress Venice. Posters: 
Bradassi, F.; Cumani, F.; Bressan, G.: “Research tools for teaching: a scientific path for 14 year-
olds to understand marine acidification”  
Cumani, F.; Bradassi, F.; di Pascoli A.; Bressan, G.: “Marine Acidification Effects On 
Reproduction And Growth Rates Of Corallinaceae Spores (Rhodophyta)”  
18 – 19 October 2010: Workshop V.E.C.T.O.R. – Rome. Poster:  
Cumani, F.; Bradassi, F.; di Pascoli A.; Bressan, G.: “Ocean Acidification effects on the spore of 
Lithophyllum incrustans Philippi (Corallinaceae, Rhodophyta)”  
 
22 – 26 February  2010: Ocean Sciences Meeting. Portland,Oregon – USA.  
Oral Presentation: Bradassi, F.; Cumani, F.; Bressan, G.: “Ocean Acidification: bring research into 
classrooms”.  
Poster: Cumani, F., Bradassi, F.; di Pascoli A.; Bressan, G.:  “Marine acidification: reproduction 
and growth rates of Corallinaceae spores (Rhodophyta)”.  
 
 
Workshops: 
 
2010 
Summer School “ClimECO2 Ocean, Marine Ecosystems and Society facing climate change. A 
multidisciplinary approach” Brest, France 23-27 August 2010. Organized by IUEM (Institut 
Universitair de la Mer, University of Brest.  
 
2009 
Summer School “When humanities meet ecology. Historical changes in Mediterranean and Black 
Sea Marine Biodiversity and ecosystems since Roman period until nowadays. Languages,  
methodologies and perspectives”, Trieste, 31 August- 4 September 2009 organized by HMAP 
(History of Marine Animal Populations)  
 
 
 
 
Publications: 
 
2012 (submitted, under revision) 
Bradassi F, Cumani F, Bressan G & Dupont S. (2012) Determining a threshold in ocean 
acidification effects on early reproductive stages in Phymatolithon lenormandii (Areschoug) Adey 
(Corallinales) – Marine Biology special Issue on ocean acidification. 
Francesco Cumani, Fulvia Bradassi, Annarita Di Pascoli and Guido Bressan (2012) Ocean 
acidification on the spore‟s morphogenesis of Lithophyllum incrustans Philippi  (Corallinaceae, 
Rhodophyta). Marine Biology special Issue on ocean acidification. 
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2011 
Cumani F.; Bradassi F.; di Pascoli A.; Vita F.; Bressan G.; (2011) Ocean acidification effects on 
calcification in early stages of Lithophyllum incrustans Philippi (Corallinaceae, Rhodohyta): 
preliminary results. Biol. Mar. Mediterr., 18 (1): 382-383. 
 
2010 
Cumani F., Bradassi F., Di Pascoli A. e Bressan G. (2010) Marine Acidification Effects On 
Reproduction And Growth Rates Of Corallinaceae Spores (Rhodophyta). Rapp. Comm. int. Mer 
Médit., 39: 735. 
 
Bradassi F., Cumani F., Bressan G. (2010) Research tools for teaching: a scientific path for 14 
year-olds to understand marine acidification. Rapp. Comm. Int. Mer Medit., 39: 723. 
 
Bradassi F., Cumani F., Bressan G. (2010) Risposte biologiche delle Corallinales ai cambiamenti 
climatici globali: proposta di un percorso didattico per imparare a pensare la complessità eco 
sistemica. Quaderni del CIRD 1, ed. EUT,. 
 
 
2009 
Bradassi F., Cumani F., Bressan G.(2009) Biological response of the Corallinaceae to global 
Climate Change and how to use it in teaching at middle school, In: Fortibuoni T., Giovanardi O., 
Libralato S., Solidoro C. & Raicevich S. (A cura di). Quando le discipline umanistiche incontrano 
l'ecologia. Cambiamenti storici nella biodiversita marina ed ecosistemi del Mediterraneo e Mar 
Nero dal periodo romano ad oggi. Linguaggi, metodologie e prospettive. Atti della Summer School  
Internazionale HMAP, 31 Agosto . 4 Settembre 2009, Trieste (Italia). 
ISPRA, Serie Atti 2010, Roma. Pp.  135-140. 
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La cosa migliore?  
  
le persone che ho incontrato in questi anni sul mio cammino, 
chi mi è stato molto vicino, chi magari ha fatto con me anche 
solo un pezzo di strada.  
 
A tutti voi, grazie, per quello che mi avete insegnato.  
 
 
Fulvia 
